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Over  the  current  year  studies  of  the  3:0  type  composite  have  evolved  a  new 
structure  for  a  much  more  effective  stress  transforming  composite.  The  device  uses 
cavities  in  the  electrode  structure  which  are  simple,  inexpensive  and  robust.  The 
sensitivity  is  higher  than  that  of  the  end  capped  cylinder  for  equivalent  PZT  volume 
and  we  believe  this  will  be  a  most  important  development  for  towed  array 
hydrophones. 

For  agile  transducer  structures,  the  very  high  piezoelectric  coefficients 
induced  by  DC  bias  in  the  lead  magnesium  niobate:lead  titanate  electrostrictors  have 
been  confirmed  using  both  resonance  and  ultra-dilatometer  methods.  In  parallel 
studies  of  aging  in  these  systems  a  rather  complete  understanding  of  the  aging 
process  has  been  obtained  and  methods  for  fabricating  PMN:PT  systems  with  no 
aging  developed,  an  essential  need  for  the  agile  transducer. 

The  phenomenology  of  the  PZT  system  has  been  completed  and  published  and 
the  equations  are  now  being  applied  to  studies  of  the  properties  of  PZT  compositions 
at  the  lead  titanate  end  of  the  system.  We  expect  that  the  phenomenology  will  be 
particularly  valuable  for  the  future  evaluation  of  thin  fllm  PZTs  where  the 
breakdown  field  are  such  that  Eb.Ps  is  a  large  penuxbation  to  the  total  energy. 

In  high  strain  actuators  for  surface  modification  and  flow  control 
antiferroelectric:ferroelectric  systems  have  been  explored  which  yield  strains  up  to 
0.85%.  Effort  is  now  being  dedicated  to  understanding  and  eliminating  fatigue  effects 
in  these  charge  switching  systems. 

In  the  associated  program  a  detailed  modeling  of  the  1:3  type  PZT;polymer 
composite  has  now  been  completed. 
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ABSTRACT 


This  report  documents  work  carried  out  in  the  Materials  Research  Laboratory 
of  the  Pennsylvania  State  University  over  the  first  year  of  a  new  three  year  Grant 
No.  N00014-89-J-1689  on  "Piezoelectric  and  Electrostrictive  Materials  for  Transducer 
Applications”.  The  program  in  MRL  has  been  supplemented  by  an  associated 
program  in  the  Center  for  Engineering  of  Electronic  and  Acoustic  Materials  under 
V.V.  and  V.J.  Varadan. 

Over  the  current  year  studies  of  the  3:0  type  composite  have  evolved  a  new 
structure  for  a  much  more  effective  stress  transforming  composite.  The  device  uses 
cavities  in  the  electrode  structure  which  are  simple,  inexpensive  and  robust.  The 
sensitivity  is  higher  than  that  of  the  end  capped  cylinder  for  equivalent  PZT  volume 
and  we  believe  this  will  be  a  most  important  development  for  towed  array 
hydrophones. 

For  agile  transducer  structures,  the  very  high  piezoelectric  coefficients 
induced  by  DC  bias  in  the  lead  magnesium  niobate:lead  titanate  electrostrictors  have 
been  confirmed  using  both  resonance  and  ultra-dilatometer  methods.  In  parallel 
studies  of  aging  in  these  systems  a  rather  complete  understanding  of  the  aging 
process  has  been  obtained  and  methods  for  fabricating  PMN:PT  systems  with  no 
aging  developed,  an  essential  need  for  the  agile  transducer. 

The  phenomenology  of  the  PZT  system  has  been  completed  and  published  and 
the  equations  are  now  being  applied  to  studies  of  the  properties  of  PZT  compositions 
at  the  lead  titanate  end  of  the  system.  We  expect  that  the  phenomenology  will  be 
particularly  valuable  for  the  future  evaluation  of  thin  Him  PZTs  where  the 
breakdown  field  are  such  that  Eg 'Pi  is  a  large  perturbation  to  the  total  energy. 

In  high  strain  actuators  for  surface  modification  and  flow  control 
antiferroelectricrferroelectric  systems  have  been  explored  which  yield  strains  up  to 
0.85%.  Effort  is  now  being  dedicated  to  understanding  and  eliminating  fatigue  effects 
in  these  charge  switching  systems. 

In  the  associated  program  a  detailed  modeling  of  the  1:3  type  PZT:polymer 
composite  has  now  been  completed. 
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1. 


INTRODUCTION 


This  report  documents  work  carried  out  in  the  Materials  Research  Laboratory 
of  the  Pennsylvania  State  University  over  the  first  year  of  a  new  three-year  Grant 
No.  N00014-89-J-1689  on  "Piezoelectric  and  Electrostrictive  Materials  For  Transducer 
Applications."  The  topics  under  study  build  on  and  expand  the  very  extensive  studies 
carried  out  under  ONR  support  in  earlier  years. 

For  reporting  purposes  the  activities  are  grouped  under  four  major  headings: 

Piezoelectric  Composites 

Electrostrictive  Materials 

Phenomenological  Studies 

Conventional  Piezoceramics. 

To  aid  in  all  the  low  frequency  studies,  new  instrumentation  has  been 
introduced  and  will  be  discussed  in  the  composites  section.  The  electrostrictive 
materials  have  been  studied  extensively  for  their  aging  behavior  and  now  that  aging 
is  under  control,  agile  transducers  based  on  electrostrictors  in  which  the 
piezoelectric  effect  can  be  switched  on  and  off  and  controlled  in  both  amplitude  and 
phase  are  under  study.  Drawing  upon  the  more  conventional  piezoelectrics  work  for 
both  sensors  and  actuators  the  work  on  smart  materials  has  been  continued  and 
expanded. 

For  the  current  year,  the  program  in  MRL  has  been  reinforced  by  an 
associated  funding  to  V.V.  and  V.J.  Varadan  in  the  Center  for  Engineering  of 
Electronic  and  Acoustic  Materials  (CEEAM)  in  the  College  of  Engineering.  The  topic 
of  study  has  been  a  veiy  detailed  evaluation  of  the  1:3  type  composites  developed  at  an 
earlier  time  on  the  MRL  program. 

Following  earlier  precedent,  the  report  will  summarize  briefly  the  highlights 
of  activity  over  the  year  and  will  be  backed  up  by  an  extensive  set  of  appendices 
which  are  the  papers  published  during  the  current  year. 

2 .  COMPOSITE  TRANSDUCERS 

2.1  Stress  Re-distributing  Systems. 

One  of  the  most  exciting  development  on  the  program  this  last  year  has  been 
the  re-design  of  the  crescent  cavity  transducers  into  a  form  which  is  exceedingly 
easy  to  construct,  inexpensive  and  robust,  but  with  exceedingly  high  sensitivity.  We 
believe  that  this  development  could  provide  a  "drop  in"  replacement  for  the  end 


capped  cylinder  hydrophone  which  could  be  much  more  robust,  less  expensive,  and 
of  higher  sensitivity. 

In  earlier  studies  we  had  demonstrated  the  advantage  of  a  narrow  crescent 
shaped  cavity  in  a  ceramic  PZT  disc  which  acts  to  re-distribute  stress  and  cancel  out 
the  disadvantageous  T],  T2  components  (fig.  1)  under  hydrostatic  pressure. 

Over  the  current  year  we  have  realized  two  major  advantages. 

(1)  The  narrow  cavity  has  been  transferred  from  the  ceramic  unit  into  a  rigid 
electrode  (fig.  2. ). 

(2)  The  electrode  is  soldered  to  a  fully  silvered  disk  at  high  temperature  so  that 
thermal  contraction  puts  the  disc  under  strong  biaxial  compression  (fig.  2  ). 
Advantages  for  the  present  construction  are; 

*  The  shallow  cavities  (100  p.  deep)  are  simple  and  inexpensive  to  machine  in 
the  metal  electrode. 

*  Because  of  the  built  in  compressive  stress  the  finished  transducer  is 
exceedingly  robust  and  will  stand  shock  pressures  which  completely  close  the  cavity. 

*  The  sensitivity  is  higher  than  that  of  the  end  capped  cylinder  for  an 
equivalent  volume  of  PZT  (i.e.,  the  device  exploits  both  d33  and  d3i). 

*  The  sensitivity  is  independent  of  pressure  up  to  greater  than  1,000  psi,  with  a 
wide  flat  frequency  response  and  no  spurious  resonances. 

*  Self  capacitance  is  very  high  so  that  the  hydrophone  can  drive  long  cables. 

*  The  construction  is  simple,  inexpensive,  robust,  and  likely  to  have  very  high 
reliability. 

*  The  shape  is  compact  and  ideal  for  the  segments  in  a  towed  array. 

Typical  sensitivity  data  are  shown  in  fig.  3,  which  compares  d^gh  to  that  of 

other  proposed  composites  (note  the  break  in  scale).  The  stability  against  pressure 
change  in  both  d|j  and  g),  coefficients  is  delineated  in  fig.  4  and  the  smooth  approach 

to  high  frequency  resonance  without  spurious  lower  frequency  modes  is 
demonstrated  in  fig.  S. 

In  summary,  we  believe  the  electrode  cavity  type  3:0  composite  makes  a  step 
function  advance  in  the  state-of-the-art  for  a  simple  robust,  inexpensive  versatile 
hydrophone. 

2.2  General  Contributions. 

Two  invited  papers  by  Newnham  (Appendix  1)  and  Cross  (Appendix  2) 
encapsulate  much  of  the  thinking  behind  the  approaches  being  explored  in  these 
ONR  studies.  The  clear  conscious  linking  of  structure  and  properties  in  these  mostly 
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perovskite  systems,  and  the  specific  design  of  composite  systems  to  improve  material 
performance  and  to  vanish  the  transducer  into  the  material  for  large  area  sensor 
application.  It  is  these  modes  of  thinking  which  gave  rise  to  the  consideration  of 
non-linear  behavior  in  the  electrostrictors  to  make  agile  transducers  and  the 
combination  of  sensor  and  responder  with  active  electronics  in  a  single  composite  to 
make  smart  ceramics  (Appendix  3). 

2.3  Instrumentation. 

To  explore  the  dispersive  properties  of  the  composites  it  has  been  necessary  to 
evolve  new  AC  ultradilatometry  for  piezoelectric  deformation  studies,  and  the  single 
surface  measuring  system  developed  earlier,  which  was  capable  of  resolving  low 
frequency  AC  displacements  of  10"^  A®,  has  been  of  tremendous  utility.  This  year  the 
focus  has  been  upon  extending  the  ultradilatometer  so  as  to  be  able  to  measure  the 
separation  between  two  surfaces.  In  this  way  we  have  been  able  to  eliminate 
spurious  flexure  motion  and  ail  contributions  from  instrument  resonances  so  as  to 
measure  high  frequencies  right  through  the  sample  resonance. 

The  development  of  the  double  beam  two-surface  measuring  instrument  is 
described  in  detail  in  Appendix  4,  and  demonstration  of  the  sensitivity  of  10' 2  A  is 
described.  The  use  of  this  new  instrument  to  measure  high  frequency  strain 
response  in  PZT  and  PLZT  ferroelectrics  is  described  in  Appendix  5.  In  a  related 
family  of  experiments  to  prove  out  the  capability  in  this  instrument  to  resolve  both 
amplitude  and  phase,  the  dilatometer  has  been  used  to  map  the  real  and  imaginary 
parts  of  d3  ]  for  a  PZT5  and  to  explore  the  phase  delay  with  respect  to  the  electric  field 

at  frequencies  very  close  to  resonance  (Appendix  6). 

For  frequencies  close  to  resonance  in  a  piezoelectric,  a  new  equivalent  circuit 
has  been  derived  which  contains  components  associated  with  the  piezoelectrically 
coupled  energy  loss  and  has  been  tested  successfully  for  samples  which  show  a 
significant  piezoelectric  phase  angle  (Appendix  7). 

3.  ELECTROSTTUCnON. 

3.1.  Introduction. 

Electrostriction  in  relaxor  ferroelectric  materials  like  lead  magnesium  niobate 
(PMN)  and  its  solid  solutions  with  lead  titanate  (PT)  are  now  coming  into  increasing 
use  in  sensor  and  actuator  systems  and  as  high  K  dielectrics  in  capacitors.  In  ail 
these  areas  it  is  important  to  have  a  broader  basic  understanding  of  the  complex 
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origins  of  the  useful  elasto-dielectric  properties  and  some  effort  has  been  dedicated 
to  this  end  on  this  problem.  Since  the  relaxors  represent  a  very  large  class  of  most 
interesting  self-assembling  nanocomposites,  the  more  detailed  basic  study  is  being 
carried  out  under  DARPA/ONR  contract  N00014>86-K-0767  "Nanocomposites  for 
Electronic  Applications." 

Basic  topics  studied  on  this  program  relate  to  the  nature  of  the  micropolar 
structure  in  lead  magnesium  niobate  and  its  modification  in  PMN:PT  solid  solutions, 
particularly  as  these  approach  to  the  morphotropic  compositions,  to  the  build-up  of 
the  macropolar  state  under  field  and  composition  change,  and  to  the  coupling  of  the 
nanopolar  regions  to  the  dimensions  of  the  sample,  i.e,  the  elasto-dielectric  effects. 

For  the  family  of  applications  which  seek  to  use  PMN  and  PMN:PT  for  precise 
position  control  or  in  agile  piezoelectric  transduction  it  has  been  most  important  to 
understand  and  control  aging  in  these  compositions.  This  understanding  is 
particularly  important  for  bias  controlled  electrostrictors  where  it  has  also  been 
important  to  explore  the  frequency  response  in  the  biased  piezoelectric  sates  and  the 

manner  in  which  piezoelectricity  may  be  simply  related  to  the  dielectric  and 
electrostrictive  properties. 

3.2  Fundamental  Studies. 

Transmission  electron  microscope  studies  of  the  PMN:PT  system  (Appendix  8) 
confirm  the  postulated  nanoscale  polar  regions  in  the  0.93  PMN:  0.07%  PT 
composition  at  very  low  temperature  and  the  increasing  size  and  perfection  of  polar 

regions  as  they  mutate  into  a  full  domain  structure  at  the  0.6  PMN:0.4  PT  composition. 
The  presence  of  the  pseudo-morphotropic  phase  boundary  between  rhombohedral 
and  tetragonal  phases  has  been  confirmed  by  dielectric  and  pyroelectric  studies 
(Appendix  9). 

In  all  normal  proper  ferroelectrics  it  is  expected  that  the  piezoelectric  and 

electrostrictive  constants  in  polarization  notation  are  almost  constant  and  only 
weakly  dependent  on  temperature  even  in  the  vicinity  of  the  Curie  points.  For 
crystals  in  centric  prototypes,  like  the  perovskite 

Sij  =  Qijkl  Pk  Pi 

and  the  Qijitj,  i.e.,  Qji,  Q12,  Q44  are  only  weak  functions  of  temperature. 

For  PMN0.9:PT0.1  and  for  9:65:35  PLZT  relaxors,  it  is  shown  (Appendix  10)  that 
Qll  and  Q]2  are  quite  strong  functions  of  temperature  near  Tq  due  to  the  makeup  of 

the  polarization  which  involves  both  180°  (non-shape  changing)  and  90°  (shape 
changing)  reorientations  of  the  micropolar  regions.  The  unusual  character  of  the 
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relaxors  is  also  reflected  in  the  stress  dependence  of  the  dielectric  stiffness,  which  in 
simple  non-polar  solids  is  directly  equivalent  to  polarization  related  electrostriction. 
In  Appendix  11  simple  relations  are  defined  for  ferroelectric  and  antiferroelectric 
crystals  but  it  is  shown  that  the  relaxor  is  more  complicated  even  above  the  mean 
Curie  temperature,  due  to  the  coexistance  of  polar  and  non  polar  regions. 

3.3  Agile  Transducers. 

In  the  report  of  studies  carried  out  in  1988,  the  large  possible  piezoelectric 
effects  in  relaxor  ferroelectric  0.9PMN;0.1PT  were  highlighted  from  an  analysis  of 
the  slopes  of  the  low  frequency  electrostrictive  displacement  vs  field  curves.  Over 
the  current  contract  period  these  results  have  been  confirmed  for  a  range  of  PMN:PT 
compositions  which  have  been  explored  under  DC  bias  using  the  MRL 
ultradilatometer  facility. 

Very  high  values  of  d33  up  to  800  pc/N  were  confirmed  for  the  frequency 

range  from  0.1  Hz  to  50  kHz  (Appendix  12).  It  was  also  shown  that  in  the  non- 
dispersive  composition/temperature  domain  d33  ~2QiiP3e33,  where  P3  is  the  induced 
polarization  and  e33  the  permittivity  at  that  polarization/field  level.  In  a  parallel 
study,  using  a  lanthanum  modified  0.93  PMN:0.07  PT  composition,  high  values  of 
piezoelectric  d3i  were  confirmed  by  resonance  methods  (Appendix  13). 

Clearly  the  PMN:PT  system  can  provide  agile  piezoelectric  materials  which  can 
be  switched  in  both  amplitude  and  phase  by  quite  realizable  DC  fields.  These 
materials  could  be  applied  directly  to  ultrasonic  tomography  as  the  resonance 
frequencies  are  such  that  the  monolythic  sample  can  be  switched  with  reasonable 
voltage.  Takeuchi,  Masuzawa,  Nakya,  and  Ito  have  described  a  1:3  composite  PMN:PT 
polyurethane  array  using  just  this  principal.  Companies  in  the  USA  are  also 
interested  but  proprietary  restrictions  limit  discussion. 

For  application  of  the  agile  sensors  to  lower  frequency  Navy  applications, 
multilayer  devices  will  be  required  and  studies  are  now  being  developed  upon  simple 
inexpensive  electrodes  which  could  be  co-fired  with  these  compositions. 

3.4  Aging  Studies. 

In  PLZT  relaxor  compositions  such  as  the  9.5:65:35,  the  defects  arising  from  the 
lead  vacancies  which  must  compensate  the  trivalent  lanthanum  are  such  that  all 
samples  show  aging.  The  aging  does  not,  however,  follow  the  normal  log:linear  form 
but  takes  a  log:log  character  of  the  form  K  •  K^t'^  (Appendix  14).  Aging  affects 

dominantly  the  low  frequency  dispersive  component  of  the  response  so  that  the  Cole- 
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Cole  arc  shrinks  continuous  from  the  low  frequency  intercept,  confirming  and 
extending  the  original  data  of  Schulze  et.  al. 

In  PMN:PT  recent  aging  studies  are  siunmarized  in  Appendices  15  and  16.  For 
this  system  ceramics  which  are  carefully  prepared  on  exact  stoichiometry  using 
very  high  purity  chemicals  can  be  completely  free  from  aging  (a  most  important 
result).  Aging  can,  however,  be  re-introduced  by  non-stoichiometry  or  by  doping 
with  aleovalent  ions.  For  doped  materials  the  aging  is  very  similar  to  that  in  PLZT, 
again  affecting  the  dispersive  low  frequency  component.  Again,  the  effects  of 
temperature  change  about  the  aging  temperature  are  not  symmetric,  dispersion 
staying  small  at  higher  temperatures  but  being  re-introduced  by  cooling  the  aged 
sample. 

The  model  which  explains  all  current  aging  results  requires  that  the  micro- 
polar  regions  which  characterize  the  relaxor  state  be  of  slightly  lower  symmetry 
than  the  corresponding  ferroelectric  domain  states.  The  polar  vector  then  has  a 
weakly  preferred  direction  which  becomes  stabilized  over  time  by  readjustment  of 
the  dipolar  defect  structure.  Qualitatively  the  model  is  very  similar  to  that  most 
recently  proposed  for  aging  in  BaTi03  exception  that  in  PMN 

the  whole  micro  polar  region  is  dynamic  whilst  in  the  normal  ferroelcctrics  it  is 
only  the  domain  wail  region  which  is  active. 

3.S  Additional  Relaxor  Studies. 

The  ferroelectric  literature  is  replete  with  all  sorts  and  conditionals  of  surface 
layer  both  intrinsic  and  extrinsic  for  both  the  free  and  the  electroded  surfaces  of 
ferroelectrics.  In  many  instances  the  surface  layer  is  diagnosed  by  a  thickness 
dependence  of  the  properties  ,  but  frequently  the  phenomena  are  confused  by 
artifacts  from  the  surface  finishing.  The  problem  of  the  ceramic relectrode  interface 
is  particularly  important  where  large  polarization  charges  are  being  switched,  as  in 
high  strain  actuators  or  thin  film  ferroelectrics  for  non-volatile  memory 
applications  . 

PLZT  ceramics  which  have  been  hot  pressed  to  high  optical  transparency  are 
free  from  internal  macro-voids  and  offer  an  excellent  vehicle  for  electrode  interface 
studies.  Data  presented  in  Appendix  17  shows  very  clearly  the  existence  of  an 
extrinsic  surface  layer  and  how  it  is  modified  by  polishing,  lapping,  or  etching  the 
surface.  It  also  presents  evidence  that  properties  are  also  modified  by  internal 
stresses  generated  by  the  finishing  process. 
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Data  presented  in  Appendices  18  and  19  explore  the  properties  in  PMN:PT 
materials  at  compositions  near  0.7PMN;0.3PT  in  the  vicinity  of  the  morphotropic 
phase  boundary  between  rhombohedral  and  tetragonal  ferroelectric  phases, 
showing  the  large  piezoelectric  constants  which  occur  in  these  compositions. 

Dielectric  studies  on  PMN:PT  at  the  relaxor  composition  0.9PMN;0.1PT  have 
been  extended  into  the  region  of  microwave  frequencies  with  measurements  at  10 
GHz  (Appendix  20)  showing  continuation  of  the  dielectric  dispersion  into  this 
frequency  range.  Dielectric  studies  on  high  K  materials  at  these  frequencies  are  not 
at  all  simple  and  some  of  the  techniques  which  can  be  applied  are  delineated  in 
Appendix  21. 

A  general  assessment  of  the  importance  of  the  relaxor  ferroelectric  families  to 
the  future  of  the  multilayer  ceramic  capacitor  (MLC)  businesses  is  included  for 
completeness  as  Appendix  22. 

4.  PHENOMENOLOGICAL  THEORY. 

Delineation  of  the  Phenomenological  Gibbs  Free  Energy  functions  for  the 
PbZr03:PbTi03  family  arc  now  largely  completed.  Pre-prints  of  the  work  were 

included  in  the  1987  annual  report.  A  final  version  of  the  phenomenology  for 
PbZr03  is  given  in  Appendix  23,  and  the  complete  set  of  five  papers  on  the  PZT  solid 

solutions  in  Appendices  24,  25,  26,  27,  and  28. 

The  derivation  of  the  composition  dependence  of  the  electrostriction  constants 
which  were  required  for  the  phenomenology  has  been  documented  in  Appendix  29, 
and  an  early  exploitation  of  the  phenomenological  model  to  derive  the 
electrostrictive,  dielectric,  and  piezoeictric  constants  for  lead  titanate  is  given  in 
Appendix  30.  It  is  interesting  to  note  from  this  study  that  the  very  large  piezoelectric 
anisotropy  which  is  evident  in  the  lead  titanate  based  ceramics  has  its  origin  in  the 
unusually  small  value  of  Qi2>  the  averaged  electrostriction  constant. 

It  is  interesting  to  note  that  in  the  tungsten  bronze  system,  there  is  wide 
occurrence  of  solid  solution  systems  which  exhibit  morphotropic  phase  boundaries 
(Appendix  31).  Application  of  the  phenomenological  approach  to  the  Baj.xSrxNb205 

bronze,  however,  leads  to  equations  in  which  both  fourth  power  and  sixth  power 
terms  in  the  order  parameter  are  strong  functions  of  temperature  (Appendix  32),  an 
interesting  consequence  of  the  relaxor  behavior  in  this  system.  These  two  studies 
were  accomplished  in  cooperative  programs  with  the  Rockwell  Science  Center  in 
Thousand  Oaks  and  are  only  included  because  of  strong  relevance  to  this  program. 
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and  through  the  participation  of  L.  Eric  Cross,  part  of  whose  support  was  from  this 
program. 

5 .  CONVENTIONAL  PIEZOELECTRIC  CERAMICS. 

It  was  shown  in  earlier  studies  that  in  PZT  ceramics  of  constant  Zr:Ti  ratio  that 
are  differently  doped  to  produce  soft,  intermediate,  or  hard  piezoelectric  properties, 
the  extensive  extrinsic  contributions  freeze  out  at  very  low  temperature  so  that  all 
compositions  have  virtually  identical  properties  at  4.2^  K.  In  more  recent  studies  we 
have  explored  the  freeze  out  of  the  extrinsic  property  contributions  in  pure 
PbZr03:PbTi03  of  different  ZrTi  ratio.  This  data  was  needed  to  determine  coefficients 

in  the  phenomenology  for  PZTs  and  illustrates  how  the  intrinsic  properties  change 
across  the  phase  diagram  (Appendix  33). 

Following  the  modelling  carried  out  on  pure  PbTi03  (Appendix  30)  it  was 

interesting  to  re-measure  the  properties  of  the  Samarium  doped  lead  titante  over  a 
wide  temperature  range  (Appendix  34).  From  these  studies  it  is  clear  that  both  e3  3 
and  d33  appear  mainly  due  to  the  average  intrinsic  property  of  the  single  domain. 

For  d3i  and  Kp,  the  intrinsic  contribution  is  very  small  and  now  extrinsic 

contributions  can  set  the  sign,  even  though  the  large  anisotropy  is  again  primarily 
due  to  the  low  value  of  Qi2' 

For  most  of  the  studies  carried  out  on  ceramic  samples,  the  materials  were 
prepared  here  in  the  Laboratory  and  in  many  cases  special  preparation  techniques 
had  to  be  derived.  These  studies  are  however,  largely  subsumed  into  the 
experimental  discussions  in  the  earlier  papers  in  these  appendices. 

In  the  extensive  use  of  sol-gel  methods  to  produce  highly  pure  stoichiometric 
powder  in  the  PZTs,  it  was  necessary  to  study  the  chemistry  of  lead  titante  formation 
as  a  typical  example  and  this  work  is  separately  reported  in  Appendix  35. 

6 .  fflGH  STRAIN  ACTUATORS. 

In  general  the  elastic  strain  xy  which  may  be  induced  in  a  polarizable 
deformable  insulator  may  be  characterized  phenomenologically  by  the  relation 
*ij  *  ®ijkl^kl  ■  ^mijPm'QmnijPmPn 

where  X|(|,  Pin<I*n  components  of  the  elastic  stress  and  electric  polarization 
respectively,  Sjji^]  the  elastic  compliance,  bgjij  the  piezoelectric  coefficient  in 
polarization  notation,  and  Qmnij  electrostriction  tensor. 
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For  all  known  materials,  the  b  and  Q  constants  are  such  that  at  realizable  fields 
in  bulk  samples  induced  polarizations  are  such  that  the  induced  strains  are  limited  to 
-  0.2%. 

In  ferroelectric  polar  states  however,  spontaneous  polarization  levels  are  such 
that  strains  up  to  ~  1S%  occur  spontaneously.  Thus  for  high  strain  actuators  it  is 
clear  that  using  present  materials  it  is  essential  to  manipulate  the  spontaneous 
polarization  either  by  a  phase  change  or  by  a  domain  change. 

In  two  related  studies  the  field  forced  antiferroelectric  to  ferroelectric  phase 
change  was  investigated.  In  Appendix  36  it  is  shown  that  strains  up  to  0.85%  can  be 
induced  electrically  and  that  forward  switching  times  of  less  than  1  p  sec  are  possible 
under  high  field.  A  major  current  topic  of  study  is  the  fatigue  effect  which  limits  the 
number  of  switching  cycles  in  these  and  in  other  high  strain  systems.  In  a  second 
closely  related  study,  the  back  switching  from  the  induced  ferroelectric  into  the 
stable  antiferroelectric  state  was  explored  (Appendix  37).  In  some  compositions  back 
switching  in  times  less  than  2  p  sec  was  observed  suggesting  that  in  most 
compositions  under  a  suitable  back  switching  field  very  fast  turn  off  will  be  possible. 
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Abstract 

Structure- property  relationships  in  electronic  ceramic  materials  are  reviewed  to  provide 
insight  into  the  behaviour  of  capacitors,  thermistors,  varistors,  and  other  electroceramic 
components.  Rapid  progress  in  the  integration  and  miniaturisation  of  ceramic  com¬ 
ponents  has  led  to  the  development  of  multipurpose  electronic  packages  containing 
complex  three-dimensional  circuitry.  At  the  same  time,  a  wide  variety  of  smart  sensors, 
transducers,  and  actuators  are  being  constructed  utilising  composite  materials  to 
concentrate  fields  and  forces.  At  present  the  processing  methods  make  use  of  tape 
casting  the  thick  film  techniques,  but  several  upset  technologies  loom  on  the  horizon. 
During  the  years  ahead  we  can  expect  elearoceramic  devices  to  follow  in  the  footsteps 
of  semiconductor  technology  as  the  component  sizes  drop  below  1  ^m,  and  nano¬ 
composite  devices  become  a  reality. 

This  review  was  received  in  September  1988. 
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1.  Elcctroceramics  market 

The  multibillion  dollar  electroceramics  market  (figure  1)  includes  Mn-Zn  ferrites,  pzt 
transducers,  BaTi03  multilayer  capacitors,  ZnO  varistors,  AljOj  packages,  and  SiO^ 
optical  fibres.  Roughly  speaking,  the  market  is  divided  into  six  equal  parts  (Japan 
Electronics  Almanac  1986).  Rapidly  developing  technologies  can  be  identified  within 
each  market  segment:  tellurium  oxide  coatings  for  video  discs,  barium  hexaferrites  for 
perpendicular  recording,  silver  and  copper  electrode  systems  for  multilayer  capacitors, 
buried  resistors  and  capacitors  in  ceramic  packages,  catalytic  coatings  for  chemical 
sensors,  and  pzt  piezoelectric  motors.  As  in  all  rapidly  evolving  fields  of  science  and 
engineering,  there  is  a  sense  of  excitement  as  a  number  of  different  technologies  come 
together  in  a  synergistic  manner. 


Fignrt  I.  Electroceramics  market. 


2.  Ceramic  sensors 

The  cheapest  and  most  widely  used  sensors  are  ceramic  bodies  (Kulwicki  1984).  To 
Illustrate  structure- property  relationships  in  ceramic  sensors,  six  types  of  sensors  will 
be  described:  three  chemical  senson  and  three  thermistors.  The  sensors  make  use  of 
a  variety  of  electrical  phenomena  sensitive  to  small  changes  in  chemical  composition 
or  temperature. 

2.1.  Oxygen  sertsors 

Superionic  conducton  are  used  to  determine  the  air- fuel  mixture  in  automobile  engines 
(Eddy  1974).  One  surface  of  the  conductor  is  in  contact  with  exhaust  gas  through  a 
porous  electrode  (figure  2),  while  the  opposite  surface  is  in  conuct  with  air.  The 
diffusion  of  oxygen  ions  through  the  solid  electrolyte  causes  a  voltage  to  appear  between 
the  electrodes.  Heating  the  sensor  raises  the  conduaivity  level.  Monitoring  the  compo¬ 
sition  of  the  air-fuel  mixture  results  in  greater  fuel  efficiency  and  reduced  air  pollution. 

Stabilised  zirconia  is  the  most  widely  used  ionic  conduaor  for  oxygen  sensors. 
Partial  substitution  of  Mg^*^,  Ca^'*',  or  for  zirconium  subilises  the  cubic  fluorite 
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Figara  2.  (a)  Automotive  exhaust  sensor  utilising  an  ionic  conductor  as  a  stabilised 
conductor,  (b)  Improved  fuel  efficiency  is  obtained  by  monitoring  the  sensor  voltage  and 
adjusting  the  air- fuel  mixture. 

Structure  with  a  sizeable  concentration  of  oxygen  vacancies.  An  oxygen  vacancy  is 
created  for  every  zirconium  replaced  by  magnesium,  as  indicated  by  the  structural 
formula  (Zri-,Mg«)(02.«D.).  Magnesium  replaces  zirconium  in  the  cubic  cation  sites 
of  the  fluorite  structure  (figure  3)  with  oxygen  vacancies  compensating  for  the  lower 
cation  charge.  In  the  fluorite  structure,  the  cations  form  a  face-centred  cubic  lattice 
and  the  anions  have  a  simple  cubic  arrangement.  The  anion  sites  are  very  close  to 
one  another  (-2.5  A)  making  it  easy  for  oxygens  to  jump  to  an  adjacent  empty  site. 
This  promotes  ionic  conductivity  in  fluorite-family  oxides  with  defea  structure,  making 
them  useful  as  oxygen  sensors  (McGeehin  and  Hooper  1977). 


2.2.  Humidity  sensors 

Humidity  sensors  are  used  in  microwave  ovens  and  for  electronic  spark  timing  in 
automobile  engines.  The  surface  resistance  changes  by  several  orders  of  magnitude 

Zirconiufi  Magnet  wm 


I  i 


Oxygen  Oxygen  vacancy 

FIgM*  3.  Siabilited  sirooaia  it  ea  exoellrat  ionic  conductor  because  of  high  concentration 
of  oxygen  vacandei  and  the  doee  proximity  of  anion  titet. 
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with  humidity  (figure  4).  Metal  oxide  substrates  of  (MgCr204-Ti02)  with  high  surface 
area  and  salt-impregnated  coatings  are  especially  sensitive  to  small  changes  in  humidity 
(Nina  1981).  The  physical  mechanism  of  surface  conduction  involves  the  adsorption 
of  water  vapour  followed  by  dissociation  into  hydronium  and  hydroxyl  ions; 

2H:0«(H30)'  +  (0H)-. 

Conduction  takes  place  by  means  of  the  Grotthuss  chain  reaction  in  which  protons 
are  transferred  from  one  water  molecule  to  the  next  in  the  physisorbed  water  layer  on 
the  surface  of  the  oxide,  effectively  passing  along  a  hydronium  ion  in  the  direction  of 
the  current. 

The  process  is  illustrated  in  figure  5.  As  reported  recently,  hydroxyapatite  ceramics 
make  especially  effective  humidity  sensors  because  of  the  attractive  forces  between 
surface  hydroxyl  groups  and  adjacent  water  molecules.  The  chemisorbed  layer  is 


Rtlahvt  humidity  iV») 

Figvrt  4.  Electrical  resistance  of  an  oxide  humidity  sensor  at  20  ’C  i  Nitta  1981 1. 


I  ®  t 

Figare  S.  Pictorial  view  of  the  surface  structure  of  a  hydroxyapatite  humidity  sensor. 
Conduction  ukee  place  via  a  Crotthuss  chain  reaction  in  the  adsorbed  water  layers. 
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surmounted  by  a  physisorbed  layer  in  which  conduction  takes  place.  At  high  humidity 
levels,  a  deeper,  more  fluid-like  surface  layer  is  formed  and  the  conduction  mechanism 
changes. 


2.3.  pH  sensors 

Oxide  pH  sensors  are  made  from  semiconducting  transition-metal  oxides  such  as  RuO^ 
and  IrO:  (Fog  and  Buck  1984).  Both  compounds  are  isostructural  with  rutile  (flgure 
6).  When  protons  approach  the  surface  of  the  oxide,  a  chemical  reaction  takes  place. 
Two  protons  combine  with  a  surface  oxygen  to  form  a  water  molecule.  The  reaction 
is  accompanied  by  valence  changes  of  the  ruthenium  ions  to  maintain  charge  neutrality. 
Electrons  liberated  from  the  metal  ions  complete  the  reaction,  and  cause  a  current  to 
flow  in  the  solid.  The  resulting  voltage  depends  on  the  hydrogen  ion  concentration 
(figure  6). 


MO,  -  ZjrH*  .  2x**  MO,.,  -xMp 


FlfMe  4.  (a)  Traiuition-m«ul  oxides  are  used  u  pH  sensors  in  which  protons  reaa  with 
surface  oxygens  to  form  water  molecules.  The  reaction  is  accompanied  by  valence  changes 
and  current  flow  in  the  solid,  (h)  The  resulting  electric  voltage  is  proportional  to  pH  (Fog 
and  Buck  1984). 
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The  three  chemical  sensors  just  described  all  involve  ion  motion,  but  in  a  different 
way.  Bulk  ionic  conduction  occurs  in  the  zirconia  oxygen  sensor,  whereas  surface 
ionic  conduction  takes  place  in  a  humidity  sensor.  In  the  pH  sensor,  a  chemical 
reaction  takes  place  at  the  surface  between  protons  and  oxygen  ions. 

In  the  next  section,  we  describe  three  temperature  sensors,  again  with  three  different 
structure- property  relationships,  but  this  time  the  sensing  involves  electron  motion 
rather  than  ion  motion. 


3.  Thermistors 

Three  types  of  ceramic  thermistors  are  in  widespread  use;  ntc  thermistors,  ptc 
thermistors,  and  critical  temperature  thermistors.  Typical  resistance  changes  with 
temperature  are  illustrated  in  figure  7. 


10‘ 

10^  ■ 
lO*-  ■ 

s  iqJ  . 

10^  ■ 
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Figur*  7.  Typically  the  electrical  resistance  of  thermistors  changes  by  several  orders  of 
magnitude  with  temperature.  In  ntc  thermistors  the  resistance  decreases  steadily  with 
increasing  temperature,  but  sudden  changes  at  phase  transitions  are  involved  in  ptc  and 
critical  temperature  thermistors.  A,  cntical  temperature  thermistor;  B.  ptc  thermistor;  C, 
NTC  thermistor. 


3.1.  Critical  temperature  thermistors 

Vanadium  dioxide  is  often  used  in  critical  temperature  thermistors.  Below  80  “C,  VO; 
is  a  semiconductor  with  a  negative  temperature  coefficient  of  resistance.  Above  80  ®C 
it  shows  metallic  behaviour  with  a  great  increase  in  conductivity  (typically  two  orders 
of  magnitude)  and  very  little  change  with  temperature.  The  critical  temperature  of 
80  ®C  can  be  modified  somewhat  by  changes  in  chemical  composition. 

The  V*"^  ion  in  VO;  has  a  peculiar  electron  configuration  with  one  3d  electron 
outside  a  closed  shell.  In  the  low  temperature  state,  adjacent  V**  ions  form  electron-pair 
bonds  giving  rise  to  a  band  gap  and  semiconductor  behaviour.  A  phase  transition 
takes  place  at  80  in  which  the  3d  electrons  are  liberated  from  the  pair  bonds  and 
are  free  to  conduct  electricity.  Changes  in  the  crystal  structure  (figure  8)  accompany 
the  phase  transformation.  The  rutile-like  structure  found  at  high  temperatures  trans¬ 
forms  to  a  distorted  monoclinic  form  below  80  *C.  The  formation  of  electron-pair 
bonds  is  reflected  in  the  interatomic  disunces.  In  the  rutile  structure  the  W**-W** 
distance  across  shared  octahedral  edges  is  2.9  A.  Below  the  transition,  half  are  2.7  A 
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Figara  8.  Structur:*'  nges  take  place  in  the  VO;  ceramics  used  as  cntical  temperature 
thermistors.  At  the  metal-semiconductor  transition  the  resistance  changes  by  several  orders 
of  magnitude  ar  ^  the  bond  lengths  change.  At  high  temperature  the  metal-like  structure 
is  isomorphous  with  tetragonal  rutile,  but  changes  to  the  semiconducting  monoclinic  state 
below  80  'C. 


and  half  are  3.1  A.  This  distortion  in  structures  locks  the  electrons  into  localised  states 
creating  a  band  gap  and  semiconducting  behaviour. 


3.2.  STC  thermistors 

Electrical  resistance  decreases  exponentially  with  increasing  temperature  in  an  ntc 
thermistor.  Unlike  critical  temperature  thermistors,  there  is  no  phase  transition 
involved.  Most  ntc  thermistors  are  composed  of  doped  transition-metal  oxides  (Smit 
and  Wijn  1959).  Typical  of  these  controlled  valency  semiconductors  are  Fe20}:Ti  and 
N10:U,  Reaaing  Fe^Oj  with  TiO^  in  air  yields 

( I  -  xlFejOj -I- xTiOj -*  Felr-^FernrOj . 

This  is  an  n*type  semiconductor  in  which  electrons  are  transferred  between  iron  atoms 
of  different  valence: 

Fe^*  +  e"oFe^*. 

The  electron  concentration  and  electrical  resistivity  are  controlled  by  the  titanium 
content. 

p-type  NTC  thermiston  are  made  from  nickel  oxide  doped  with  lithium: 

(1  -  x)NiO+^  LbO-  Nifri^Niru;©. 
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The  hole  conduction  process  involves  charge  transfer  between  divalent  and  trivalent 
nickel  ions: 


Nr"  +  h"oNi'*. 

Doped  nickel  oxide  has  the  rocksalt  structure  (figure  9(a))  with  lithium  partially 
replacing  nickel  in  the  cation  sites.  Ionic  radii  for  Ni^''  (0.84  A),  Ni^"  (0.74  A),  and 
Li*^  (0.88  A)  all  favour  octahedral  coordination  with  oxygen.  As  shown  in  figure  9(b), 
resistivity  decreases  with  increasing  lithium  content.  Colour  is  another  indication  of 
increased  conductivity.  The  green  colour  of  pure  nickel  oxide  deepens  to  black  with 
increased  doping. 

For  semiconduaing  compositions  near  Nio.95Lio  o50,  the  band  gap  is  about  0.15  eV. 
The  physical  origin  of  this  band  gap  is  attributed  to  the  attractive  forces  between  Li" 
dopant  ions  and  the  compensating  Ni^"  ions.  Charge  is  neutralised  best  when  these 
ions  are  next  nearest  neighbours  ( figure  9(a)).  Polarisation  of  the  surrounding  structure 
also  contributes  to  the  band-gap  energy. 
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Figwe  9.  Doped  nickel  oxide  thermiitor.  (a)  The  crystal  consitu  of  Ni’*,  Ni^*,  and  Li* 
ions  in  a  rocksalt-iike  solid  solution,  (b)  The  electrical  resistivity  decreases  with  increasing 
lithium  content. 
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Electrical  conductivity  is  proportional  to  the  charge  carrier  concentration  n,  the 
charge  of  each  carrier  q,  and  the  mobility  /x: 

<7  =  nqiJi. 

In  thermistor  materials,  the  temperature  dependence  of  the  conductivity  is  of  great 
importance.  Both  n  and  m  depend  on  temperature.  For  a  semiconductor,  the  carrier 
concentration  varies  exponentially  with  temperature,  n  ~exp(-£/fcr)  where  E  is  the 
energy  required  to  liberate  charge  carriers.  The  temperature  dependence  of  the  mobility 
depends  on  its  physical  origin.  For  most  scattering  processes,  mobility  follows  an 
inverse  power  law  in  —  T**’)  in  which  mobility  decreases  with  increasing  temperature 
because  of  atomic  thermal  vibration.  A  different  temperature  dependence  is  found  for 
hopping  processes.  Here  the  mobility  depends  on  thermal  excitation,  and  increases 
exponentially  with  temperature,  ^I.^exp{E'/kT).  Summing  up,  the  temperature 
dependence  of  the  electrical  conductivity  is 

<TiT)~T-‘>  exp[-{E  +  E')/kT]^T-'‘  cxpi-E"/kT). 

Since  exponentials  tend  to  dominate,  the  electrical  resistance  of  an  ntc  thermistor 
can  be  described  by 


For  typical  thermistors  (figure  10),  R  lies  in  the  range  1-10*  fl,  and  B  is  2000-6000  K. 
The  temperature  coefficient  a  describes  the  percentage  change  in  resistance  with 
increasing  temperature: 


a 


R  dr 


If  fl  =  3600  K  and  T  =  273  K,  a  is  approximately  4%/®C. 

NTC  thermistors  are  used  in  flowmeters  in  which  the  velocity  is  measured  by 
monitoring  the  temperature  difference  between  two  thermistors.  A  heater  positioned 
between  the  two  thermistors  provides  the  temperature  difference. 

Thermistors  are  also  used  as  inrush  limiters  to  protea  diodes,  fuses,  switches,  and 
light  bulbs.  The  sudden  surge  of  current  which  occurs  when  a  light  bulb  is  turned  on 
often  ruptures  the  bulb  filament.  With  an  ntc  thermistor  in  series  with  the  bulb,  the 
energy  of  the  initial  surge  is  dissipated  as  heat  in  the  thermistor. 


r  1*0 

FIgare  10.  Dependence  of  resiiunce  on  temperature  for  typical  ntc  thermistors. 
R  decreases  by  about  4%  Tor  each  degree  rise  in  temperature. 
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3.3.  PTC  thermistors 

PTC  thennistors  differ  from  ntc  thermistors  in  several  important  respects.  The  resistance 
of  a  PTC  thermistor  increases  with  temperature,  but  only  over  a  limited  temperature 
range  near  a  phase  transition.  The  resistance  change  is  very  large  at  this  temperature 
because  of  grain  boundary  effects  (Saburi  1964). 

Barium  titanate  ceramics  are  widely  used  in  ptc  thermistors.  When  doped  with 
donor  ions  such  as  La^*  or  Ce^*  (for  Ba^*)  or  Nb*"  (for  Ti**),  the  resistivity  material 
shows  a  pronounced  ptc  effect  (figure  11(a)).  This  low  resistivity  material  shows  a 
pronounced  ptc  effect  (figure  11(6))  if  fired  in  air.  Only  normal  ntc  behaviour  is 
observed  in  ceramics  prepared  in  reducing  atmosphere. 


Figyn  11.  (a)  Resistivity  of  cerium-doped  barium  titanate,  Ba,.,Ce,TiOj,  plotted  as  a 
function  of  composition.  (6)  Resistivity  of  three  cerium-doped  barium  titanate  ceramics 
measured  as  a  funaion  of  temperature.  A  large  ptc  anomaly  occurs  near  the  Cune 
temperature. 


Explanation  of  the  ptc  effea  rests  upon  understanding  the  defect  structure.  When 
sintered  at  high  temperature,  lanthanum-doped  BaTiOs  becomes  an  n-type  semicon¬ 
ductor: 


Ba,-.U.riO,  =  Ba?:.urTit:,TirO^ 

with  conduction  taking  place  via  transfer  of  electrons  between  titanium  ions,  Ti*"^  +  e' 
Ti’^.  Thus  the  barium  titanate  grains  in  the  ceramic  are  conducting,  and  remain 
conducting  on  cooling  to  room  temperature. 

But  the  grain  boundary  region  changes  during  cooling.  Oxygen  is  adsorbed  on  the 
surface  of  the  ceramic  and  diffuses  to  grain  boundary  sites,  altering  the  defect  structure 
along  the  grain  boundaries.  The  added  oxygen  ions  attract  electrons  from  nearby  Ti^* 
ions,  thereby  creating  an  insulating  barrier  between  grains.  If  y  excess  oxygens  are 
added  per  formula  unit,  the  grain  boundary  region  can  be  described  as  follows; 

(Ba|!.ur)(ri::,,,,rij:,,)o?:,. 

A  schematic  illustration  of  the  defect  perovskite  structure  is  shown  in  figure  12.  The 
net  result  of  this  process  is  that  the  ceramic  consists  of  semiconducting  grain  separated 
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Figar*  12.  Schematic  view  of  the  Ba,.,La,TiO)  structure  near  the  surface  of  a  grain 
boundary.  Atmospheric  oxygen  dissociates  and  diffuses  rapidly  along  a  gram  boundary 
where  the  atoms  attract  electrons  and  form  insulating  barriers. 


by  thin  insulating  grain  boundaries.  The  elearical  resistance  of  the  ceramic  is  inversely 
proportional  to  grain  size  because  smaller  grains  mean  more  insulating  grain 
boundaries,  and  therefore  higher  resistance. 

To  explain  the  ptc  effect  it  is  necessary  to  consider  the  ferroelearic  phase  transition 
in  BaTtO}  and  its  effect  on  the  insulating  barriers  between  grains  (Daniels  et  al  1978). 
Barium  titanate  is  cubic  and  paraelectric  above  130  ®C,  the  Curie  temperature.  Below 
this  temperature  the  perovskite  structure  distorts  to  a  tetragonal  ferroelectric  state  in 
which  a  large  spontaneous  polarisation  P,  develops  on  the  (001)  faces.  The  dielectric 
constant  reaches  a  maximum  at  T,  and  then  falls  off  in  the  high-temperature  para¬ 
electric  state  following  a  Curie- Weiss  law 

The  Curie  constant  C  is  about  10^  °C. 

The  PTC  anomaly  in  doped  BaTiOj  occurs  at  temperatures  near  and  is  strongly 
affected  by  the  appearance  of  ferroelectricity.  Both  the  spontaneous  polarisation  and 
the  Curie-Weiss  law  play  an  important  role  in  the  ptc  effect. 

At  room  temperature  the  resistance  of  a  ptc  thermistor  is  low  because  the  electron 
charge  trapped  in  grain  boundary  regions  is  partially  neutralised  by  spontaneous 
polarisation.  Wherever  the  domain  structure  is  advantageously  positioned,  positive 
polarisation  charge  will  cancel  the  negatively  charged  barriers  between  conductive 
grains,  thereby  establishing  low  resistance  paths  across  the  ceramic  (figure  13(a)). 

Above  Te  the  spontaneous  polarisation  disappears  and  the  resistivity  increases, 
giving  rise  to  the  ptc  effect.  At  fint  the  increase  is  very  slow  because  of  the  high 
dielectric  constant  at  the  Curie  point.  The  barrier  height  is  inversely  proportional  to 
the  dielectric  constant  of  the  surrounding  medium;  a  highly  polarisable  medium  shields 
the  charges  trapped  at  the  grain  boundary,  reducing  the  height  of  the  barrier  and  the 
electrical  resistance.  As  the  temperature  increases  further  above  Tc,  the  dielectric 
constant  K  decreases  rapidly  in  accordance  with  the  Curie-Weiss  law.  Decreases  in 
K  cause  rapid  increases  in  the  barrier  between  grains  and  an  increase  in  the  electric 
resisunce.  Eventually  the  resisunce  increase  levels  off  as  the  decrease  in  dielectric 
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Figyrc  13.  (d)  At  temperatures  below  r^,  spontaneous  polarisation  charges  neutralise  the 
potential  energy  barriers,  creating  low  resistance  paths  through  the  ceramic,  i  b )  Above 
the  dielectric  constant  decreases  causing  the  electrical  resistance  to  increase. 


constant  slows  and  the  normal  ntc  effect  of  the  semiconducting  grains  takes  over 
(figure  13(6)). 

PTC  thermistors  are  used  as  protection  against  overvoltage  and  short  circuits.  When 
connected  in  series  with  the  load,  a  ptc  thermistor  limits  the  current  to  safe  levels. 
Large  currents  cause  the  temperature  of  the  thermistor  to  rise  into  the  ptc  range, 
thereby  raising  the  resistance  and  lowering  the  current.  Additional  applications  include 
liquid-level  indicators  and  thermostat  control  elements. 

To  summarise,  the  ceramic  sensors  just  described  make  use  of  six  different  structure- 
property  relations.  The  humidity  sensor  involves  ionic  conduction  on  surfaces  with 
proton  hopping  between  absorbed  water  molecules,  whereas  the  zirconia  oxygen  sensor 
involves  bulk  ionic  conduction  through  grains.  In  metal  oxide  pH  sensors  a  chemical 
reaction  takes  place  at  the  surface  with  protons  reacting  with  surface  oxygen  atoms. 

The  three  types  of  temperature  sensors  discussed  in  the  last  section  make  use  of 
electronic  phenomena  in  ceramics.  Critical  temperature  thermistors  employ  a  structural 
phase  transformation  in  which  the  bulk  electronic  condition  changes  from  metallic  to 
semiconducting;  a  phase  transformation  is  also  involved  in  ptc  thermistors,  but  grain 
boundaries  are  important  here.  Schonky  barriers  between  the  conducting  ceramic 
grains  are  neutralised  by  the  spontaneous  polarisation  associated  with  the  ferroelectric 
phase  transition  in  BaTiO] .  This  is  a  much  more  complicated  conduction  phenomenon 
than  that  in  an  ntc  thermistor.  Bulk  electronic  conduction  controls  the  resistivity  of 
the  transition-metal  oxides  used  in  ntc  thermistors. 


4.  .Metal  oxide  varistors 

Varistors  are  ceramic  semiconductors  with  a  non-linear  current-voltage  relationship 
(figure  14).  At  low  voltages,  the  varistor  behaves  like  an  ntc  thermistor  with 
small  temperature-dependent  currents.  At  a  certain  critical  breakdown  voltage  Vg, 
however,  the  resistance  diminishes  suddenly  and  currents  increase  dramatically.  The 
phenomenon  differs  from  normal  elearic  breakdown  in  that  the  /-V  characteristic  is 
reversible  and  controllable  by  the  ceramic  microstructure.  Like  the  ptc  thermistor, 


136 


R  E  Sewnham 


Figure  14.  Typical  I-V  relation  for  ZnO  vanstor.  The  current  increases  very  rapidly  at 
the  breakdown  voltage  V'g. 

the  electrical  properties  are  governed  primarily  by  thin  insulating  barriers  at  the  grain 
boundaries.  In  the  case  of  varistors,  however,  electron  tunnelling  is  involved  (Levinson 
and  Philipp  1986). 

Most  varistors  are  made  from  zinc  oxide  with  additives  of  several  per  cent.  ZnO 
has  the  hexagonal  wurtzite  structure  (figure  15)  with  tetrahedral  ZnO  bonds  of  1.97  A. 
A  typical  commercial  composition  for  varistors  is 

( 100  -  x)ZnO +-  ( BijOy  +  2Sb20)  +  CojOj  +  MnOj  +  CtiO^) 

6 

where  x  is  the  mole  per  cent  additives.  Excellent  varistor  action  is  obtained  for 
compositions  with  x  in  the  range  3-10%.  The  phase  relations  are  rather  complex  but 
when  fired  at  1330  X,  there  are  only  two  important  phases.  The  varistor  microstructure 
consists  of  doped  ZnO  grains  separated  by  doped  BijOy  grain  boundary  regions,  tem 
micrographs  show  that  the  bismuth  oxide  layer  is  extremely  thin  (<30A)  in  many 
places.  This  plays  an  important  role  in  the  conduction  process.  Electrically,  the  ceramic 
varistor  consists  of  conduaing  ZnO  grains  with  resistivities  near  1  (1  cm,  separated  by 
insulating  BijOj-rich  grain  boundaries.  The  grains  are  n-type  and  the  boundaries 
p-type.  Electrons  near  the  boundaries  are  trapped  in  the  intergranulate  BijOyrich 
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Figure  15.  Unit  cell  of  the  hexagonal  ZnO  structure  used  in  varistors.  Lanice  parameters 
are  a  ■  3.24  A,  c  ■  5.19  A. 
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regions  leaving  ionised  donors  on  both  sides  of  the  boundary.  The  result  is  a  symmetric 
Schottky  barrier  about  0.8  eV  in  height  (figure  16(a)). 

The  non-linear  I-  V  characteristic  (figure  14)  of  a  varistor  can  be  explained  in  terms 
of  the  Schottky  barrier  model.  At  low  voltages,  in  the  pre-breakdown  region,  charge 
carriers  surmount  the  Schottky  barrier  by  thermal  activation  (figure  16(h)),  giving  rise 
to  small  temperature-dependent  currents.  As  the  applied  voltage  approaches  Vg ,  the 
breakdown  voltage,  tunnelling  from  the  filled  states  in  the  intergranular  region  begins 
(figure  16(c)).  Further  increases  in  voltage  result  in  very  large  current  flows  through 
tunnelling. 

Metal  oxide  ceramic  varistors  are  used  to  protect  circuit  elements  against  inductive 
surges  which  often  damage  contacts,  relays,  and  rectifiers.  By  connecting  the  varistor 
in  parallel  with  the  circuit  element  (figure  17),  any  voltage  spikes  greater  than  Vg  cause 


BijOj 


Fi|«r*  16.  ( a )  Schonky  barrier  caused  by  double  depletion  layer  in  ZnO  varistor.  Band 
bending  caused  by  donor  elearons  from  the  zinc  oxide  grains  filling  traps  in  the  thin 
bismuth  oxide-rich  layer  between  grains,  (b)  At  low  voltages,  conduction  takes  place  by 
thermal  activation,  but  (c)  at  the  breakdown  voltage  tunnelling  begins  causing  a  very  large 
increase  in  current. 
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Figurt  17.  Varistors  are  used  to  protect  electrical  contacu  and  loads  against  inductive  surges. 
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currents  to  flow  through  the  varistor  rather  than  the  circuit  element.  Zinc  oxide  varistors 
have  proved  especially  useful  as  lightning  arrestors  (Einzinger  1987). 


5.  Supcrcooducting  ceramics 

Until  two  years  ago  it  was  taken  for  granted  that  superconducting  transition  tem¬ 
peratures  were  limited  to  25  K.  But  with  the  discovery  of  lanthanum  strontium  cuprate 
(Bednorz  and  Miiller  1986)  the  temperature  doubled,  and  doubled  again  with 
YBa2Cu307,  the  so-called  1-2-3  compound  (Wu  et  al  1987).  The  triple  perovskite  unit 
cell  (figure  18)  contains  seven  oxygen  and  two  empty  oxygen  sites. 
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Fisvrt  18.  Resistivity  of  the  newly  discovered  1-2-3  cuprate  ceramics;  the  structure  contains 
many  missing  oxygen  sites  (Cava  tt  at  1987). 


The  mechanism  of  superconductivity  in  the  copper  oxide  family  is  not  well  under¬ 
stood.  In  the  theory  put  forward  for  metallic  superconduaors,  an  electron  moving 
through  the  lattice  attracts  or  repels  ions,  causing  them  to  vibrate.  A  quantum  of 
vibration  energy  (phonon)  attracts  another  electron  with  opposite  magnetic  spin  and 
momentum  in  such  a  way  that  the  two  move  in  synchronised  motion.  The  paired 
electrons  may  be  far  apart  and  separated  by  other  particles,  but  they  are  indirectly 
linked,  as  if  by  a  spring.  Each  and  every  motion,  even  a  collision  with  the  lattice,  is 
cancelled  by  the  partner’s  movement.  Moreover,  such  Cooper  pain  travel  in  concert 
with  other  pain  so  that  conduction  electrons  move  together  with  remarkable  orderliness. 

The  phonon  links  between  electrons  are  so  tenuous  that  they  remain  intact  only  at 
very  low  temperatures.  Even  a  little  heat  is  sufficient  to  overcome  the  phonon  anraction 
and  destabilise  the  superconducting  state.  The  Bardeen-Cooper-Schriefler  (acs) 
theory  predicts  an  upper  limit  to  the  strength  of  the  interaction  with  a  Tg  of  30-40  K. 

This  suggesu  that  there  must  be  another  coupling  mechanism  in  the  high-  copper 
oxides.  Isotope  experiments  have  borne  this  out.  The  expected  shift  in  Te  with  isotopic 
substitution  did  not  take  place,  thereby  discrediting  the  phonon  coupling  mechanism. 
Attention  is  presently  focused  on  the  copper-oxygen  planes  and  chains  found  in  all 
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high-Tc  ceramics.  Most  of  the  theories  formulated  during  the  past  year  involve  the 
peculiar  bonding  between  copper  and  oxygen  atoms.  Normally  copper  has  a  valence 
of  +1  or  +2  in  minerals  and  oxide  ceramics,  but  in  the  superconductors  its  valence 
exceeds  two.  Alternatively,  an  unusual  valence  of  - 1  can  be  assigned  to  some  of  the 
oxygen  ions.  The  presence  of ‘excess'  oxygen  is  crucial  to  the  existence  of  superconduc¬ 
tivity. 

Three  alternative  mechanisms  have  been  propounded  to  explain  the  coupling  of 
Cooper  pairs  in  superconducting  cuprates.  Closely  related  to  the  scs  theory  is  an 
excitonic  model  in  which  electron-hole  pairs  (excitons)  perform  the  same  function  as 
phonons  in  superconducting  metals.  Another  acs-like  model  involves  magnetic  interac¬ 
tions  as  a  coupling  mechanism.  Ferromagnetic  regions  within  an  antiferromagnetic 
matrix  are  responsible  for  the  attractive  forces  between  electrons.  A  third  theory 
postulates  the  importance  of  resonating  domain  walls  which  are  common  in  high-T^ 
ceramics.  At  the  present  time,  theory  seems  to  be  of  little  value  in  guiding  experimen¬ 
talists. 

Ceramic  and  thin-hlm  specimens  both  exhibit  superconductivity  above  liquid  air 
temperatures,  opening  up  a  large  number  of  possible  applications:  frictionless 
generators,  motors  and  high-speed  trains;  levitating  toys  and  gimmicks;  electronic 
Josephson  Junctions  and  resistanceless  interconnects;  large  magnetic  fields  for  nmr 
medical  diagnosis,  nuclear  accelerators  and  hydrogen  fusion;  power  transmission  lines 
and  closed-loop  energy  storage  for  load  levelling;  radiation  detectors  for  astronomy, 
oil  exploration,  and  brain  wave  research.  The  feasibility  of  many  applications  rests 
upon  improvements  in  the  critical  current  density.  Ways  must  be  found  for  stabilising 
the  superconducting  phase  under  high  magnetic  fields  and  electric  currents.  Several 
interesting  composite  struaures  are  under  investigation. 

But  although  ceramic  superconductors  have  captured  the  imagination  of  thousands 
of  scientists,  the  work  is  outside  the  mainstream  of  electroceramics.  Until  a  major 
market  is  demonstrated,  it  will  remain  a  curiosity.  The  main  thrust  in  electroceramics 
research  is  not  in  the  discovery  of  new  materials  but  in  the  miniaturisation  and 
integration  of  components  already  known. 


6.  Ferroelectric  ceramics 

Multilayer  capacitors  make  use  of  ferroelectric  oxides  such  as  barium  titanate  ( Herbert 
1985).  Ferroelectric  oxides  with  the  perovskite,  tungsten  bronze,  pyrochlore,  and 
bismuth  titanate  layer  structures  all  have  high  dielearic  constants  and  high  refractive 
indices,  and  all  contain  comer-linked  octahedral  networks  of  Ti**,  Nb’*,  or  other  d° 
ions.  These  transition-metal  elements  are  the  highly  polarisable  ‘active*  ions  promoting 
ferroelectricity  and  the  high  permittivities  required  for  capacitors. 

With  reference  to  the  periodic  system  there  are  two  major  groups  of  active  ions, 
and  both  are  near  electronic  ‘crossover*  points  where  different  types  of  atomic  orbitals 
are  comparable  in  energy,  and  where  hybrid  bond  formation  is  prevalent.  The  first 
group  typified  by  Ti**,  Nb*”,  and  W**  are  d®  ions  oaahedrally  coordinated  to  oxygen. 
For  Ti**.  the  electronic  crossover  involves  the  3d,  4s,  and  4p  orbitals  which  combine 
with  the  or  and  ir  orbitals  of  its  six  neighbours  to  form  a  number  of  molecular 
orbitals  for  the  (TiO*)*“  complex.  The  bond  energy  of  the  complex  can  be  lowered 
by  distorting  the  ocuhedron  to  a  lower  symmetry.  This  leads  to  dipole  moments, 
ferroelectricity,  and  large  dielectric  constants. 
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A  second  group  of  active  elements  contributing  to  polar  distortions  in  ceramic 
dielectrics  are  the  tone-pair  ions  having  two  elearons  outside  a  closed  shell  in  an 
asymmetric  hybrid  orbital.  Among  oxides,  the  most  important  of  these  lone-pair  ions 
are  Pb*’’  and  Bi^"  which  are  involved  in  a  number  of  ferroelectrics  (PbTi03,  BuTijO,:, 
PbNbjOs)  with  high  Curie  temperatures.  In  many  of  these  compounds,  Pb**  and  Bi^" 
are  in  pyramidal  coordination  with  oxygen  and  therefore  contribute  to  the  spontaneous 
polarisation. 


6.1.  BaTiOj  capacitors 

Many  capacitor  formulations  are  based  on  BaTiOj,  one  of  a  number  of  ferroelectric 
substances  crystallising  with  the  perovskite  structure.  Barium  atoms  are  located  at  the 
comers  of  the  unit  cell  and  oxygens  at  the  face  centres  (figure  19).  Both  barium  and 
oxygen  ions  have  radii  of  about  1.4  A  and  together  they  make  up  a  face-centred  cubic 
array  having  a  lattice  parameter  near  4  A.  Octahedrally  coordinated  titanium  ions 
located  at  the  centre  of  the  cubic  perovskite  cell  are  the  active  ions  in  promoting 
ferroelectricity.  The  low-lying  d  orbitals  of  titanium  lead  to  unusual  atomic  arrange¬ 
ments  and  large  electric  polarisability. 
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Figwt  19.  Structural  changes  occurring  at  the  three  ferroelectric  phase  transformations  in 
BaTi03  result  in  large  values  of  the  dielearic  constant  over  a  wide  temperature  range. 


On  cooling  from  high  temperature,  the  crystal  structure  of  BaTiO}  undergoes  three 
ferroelectric  phase  transitions.  All  three  are  displacive  in  nature  with  atomic  movements 
of  0. 1  A  or  less.  The  point  symmetry  changes  from  cubic  m3m  to  tetragonal  4mm  at 
the  Curie  temperature  of  130  *C.  The  tetragonal  state  with  its  spontaneous  polarisation 
along  [001]  persists  down  to  0  where  it  transforms  to  orthorhombic  (mm2  symmetry) 
as  P,  shifts  to  a  [110]  direction.  On  further  cooling,  the  orthorhombic  state  transforms 
to  rhombohedral  (3m)  near  -90  "C.  The  structural  changes  are  illustrated  in  figure  19. 
A  peak  in  the  dielectric  constant  occurs  at  each  of  the  phase  transitions  (figure  19). 
In  regard  to  capacitors,  it  is  extremely  important  that  the  dielectric  constant  is  high 
over  a  wide  temperature  range.  The  presence  of  the  two  lower  ferroelearic  transforma¬ 
tions  ensures  that  the  dielearic  constant  remains  high  below  the  Curie  temperature. 
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Note  in  figure  19  that  the  dielectric  constant  along  the  a  axis  is  larger  than  chat 
along  the  polar  c  axis.  The  instability  of  the  structure  makes  it  easy  to  tilt  the 
spontaneous  polarisation  vector  with  a  transverse  electric  field. 

Since  barium  titanate  is  by  far  the  most  popular  compound  for  multilayer  ceramic 
capacitors,  there  have  been  many  studies  of  its  solid  solutions.  Substitutions  for  Ba'~ 
or  Ti'*''  are  used  to  raise  the  permittivity,  flatten  its  temperature  dependence,  and  lower 
the  losses. 

Substituting  a  divalent  cation  for  barium  in  BaTiO}  modifies  the  transition  tem¬ 
peratures.  The  three  most  commonly  used  ‘Curie-point  shifters’  are  Pb*',  Sr'“,  and 
Ca*".  Modest  amounts  of  Pb^*  raise  T*,  Sr^*  lower  and  Ca'*  has  little  effect. 
Divalent  Pb  is  one  of  the  very  few  additions  which  increases  the  transition  temperature; 
the  tetragonal  pyramidal  coordination  favoured  by  Pb*'”  stabilises  the  tetragonal  phase 
with  respect  to  the  adjacent  cubic  and  orthorhombic  phases.  All  three  Curie- point 
shiften  destabilise  the  orthorhombic  and  rhombohedral  phases  of  BaTiO,  as  the  lower 
two  transition  temperatures  drop  when  increasing  amounts  of  Pb'",  Sr'",  or  Ca’"  are 
added.  The  opposite  efiea  is  achieved  by  replacing  titanium  with  larger  tetravalent  ions. 

A  pinching  together  of  the  phase  transitions  occurs  when  titanium  is  replaced  with 
larger  tetravalent  ions.  Typical  of  this  type  of  behaviour  is  the  BaTii-^Zr^O,  phase 
diagram.  With  increasing  zirconium  content,  the  Curie  temperature  drops  while  the 
lower  two  transition  temperatures  are  raised,  causing  the  three  transition  temperatures 
to  converge  near  x«0.1  and  re»50*C.  As  a  consequence  the  three  peaks  in  the 
dielectric  constant  merge  to  give  an  immense  peak  of  about  K  -  8000. 


6.2.  Domain  walls  and  dielectric  loss 

Domain  walls  are  an  important  source  of  dielectric  loss  for  temperatures  below 
(Hardtl  1982).  Under  applied  electric  fields,  domain  wall  motion  takes  place,  dissi¬ 
pating  energy.  A  number  of  different  types  of  walls  are  found  in  BaTiO, .  with  varying 
wail  mobilities.  Tetragonal  BaTiO,  has  180*  walls,  and  both  charged  and  uncharged 
90*  walls.  Charged  walls  are  important  only  in  conducting  BaTiO,  where  currents  can 
flow,  neutralising  the  charge.  The  180*  wails  are  generally  more  mobile  than  90*  walls 
because  of  the  mechanical  strain  associated  with  90*  walls. 

In  general,  the  electrical  loss  of  ferroelectric  ceramics  displays  three  identifiable 
temperature  ranges  (figure  20).  Below  T,  the  losses  are  moderately  high  and  are  caused 
by  domain  walls.  The  magnitude  of  tan  5  increases  rapidly  with  the  applied  field,  but 
does  not  depend  strongly  on  frequency. 

The  second  temperature  range — typically  extending  100-200*  above  the  Curie 
temperature — has  very  low  dielectric  loss.  Above  T  there  are  no  domains  to  cause 
dielectric  loss,  and  the  temperature  is  too  low  for  appreciable  conductivity  loss. 

At  high  temperatures,  the  loss  due  to  conduaivity  becomes  important  causing  tan  5 
to  increase  rapidly  with  temperature.  Conduction  losses  are  inversely  proportional  to 
Che  measurement  frequency. 

Acceptor  dopants  such  as  K."  or  Fe^'^  create  oxygen  vacancies  in  BaTiO,: 
(Ba,_,K,)Ti(0,_,/20,/,)  and  Ba(Ti,.,Fe,)(0,-,/:Q,/2).  Oxygen  vacancies  exert  a 
much  greater  influence  on  the  dielectric  loss  than  do  barium  or  titanium  vacancies. 
The  way  in  which  oxygen  vacancies  affect  tan  8  depends  on  temperature  and  the 
dominant  loss  mechanism.  Below  where  domain  wall  losses  predominate,  oxygen 
vacancies  lower  tan  8.  The  explanation  of  why  donors  and  acceptors  affea  the  dissipa¬ 
tion  faaor  differently  involves  the  pinning  of  domain  walls.  Donor-doped  perovskite 
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Fifart  20.  Temperature  dependence  of  the  electrical  loss  tan  S.  At  high  temperatures  the 
losses  are  caused  by  conduaion.  while  domain  walls  are  responsible  at  low  temperatures. 
Region  1,  high  loss  caused  by  domain  walls;  region  II,  low  loss;  region  III.  high  loss  caused 
by  conductivity. 


ferroelectrics  have  lossy  hysteresis  loops  and  considerable  domain  wall  motion  whereas 
acceptor 'doped  perovskites  do  not. 

liie  reason  why  domain  walls  are  pinned  more  effectively  in  acceptor-doped 
perovskites  can  be  seen  from  the  crystal  structure.  Oxygen  vacancies  diffuse  much 
faster  than  cation  vacancies  because  of  the  proximity  of  oxygen  sites.  The  distance 
between  nearest-neighbour  oxygens  is  only  2.8  A  compared  to  4  A  for  the  shortest 
Ti-Ti  or  Ba>Ba  interatomic  distance. 

Defect  dipoles  in  acceptor-doped  BaTiOy  consisting  of  paired  iron  atoms  and 
oxygen  vacancies  realign  more  easily  than  do  the  corresponding  dipoles  in  donor-doped 
material.  Thus  the  defect  dipoles  in  acceptor-doped  BaTi03  align  with  the  spontaneous 
polarisation  of  the  domain  structure  to  pin  domain  walls,  thereby  lowering  the  dissipa¬ 
tion  faaor  in  the  low-temperature  region  below  T,. 


6.3.  Conduction  losses  and  degradation 

Oxygen  vacancies  are  also  important  in  the  high-temperature  region.  The  rapid  increase 
of  dissipation  faaor  is  caused  by  free  carrier  conduaivity,  and  the  concentration  of 
free  carriers  depends  on  doping  and  temperature.  The  loss  factor  (tan  S)  is  inversely 
proportional  to  frequency  in  this  temperature  range. 

Based  on  a  number  of  experiments,  the  following  piaure  has  been  developed  for 
the  DC  degradation  process  in  barium  titanate  ceramics.  Polycrystalline  titanates  are 
appreciably  reduced  at  the  temperatures  used  in  firing  ceramic  capacitors.  On  cooling, 
rapid  reoxidation  occurs  above  llOO'C  but  effeaively  stops  at  some  temperature 
between  600  and  900  *C.  As  a  consequence  the  outside  of  the  sample  and,  to  some 
extent,  the  outside  of  each  grain  is  well  oxidised,  but  the  interior  of  the  grains  remains 
oxygen  deficient.  Oxygen  vacancies  carry  an  effeaive  charge  of  +2e,  which  is 
neutralised  by  3d  elearons  on  the  titanium  atoms,  forming  two  ions  for  every 
oxygen  vacancy.  At  low  temperatures,  the  oxygen  vacancies  and  Ti^*^  ions  are  bound 
by  a  small  energy  of  0.1-0.2eV,  sufficiently  large  that  only  a  few  of  the  defects  are 
separated.  Elearons  associated  with  the  unanached  ions  are  responsible  for 
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conduction  making  use  of  the  narrow  3d  conduction  band.  Alternatively  the  conduction 
process  can  be  described  as  electron  hopping  via  Ti*'^«-»Ti*'^  +  e'  transfer.  Unattached 
oxygen  vacancies  also  contribute  to  the  conductivity  but  their  mobility  is  much  smaller 
than  that  of  electrons.  Neutralised  bound  defects  do  not  participate  directly  in  the 
conduction  process  but  experience  a  torque  tending  to  align  the  dipole  moment  with 
the  applied  field.  This  in  turn  creates  dielectric  polarisation  and  dielectric  loss.  Oxygen 
vacancies  are  also  important  in  the  ac  degradation  of  BaTiO}  ceramics.  Electrostrictive 
pumping  of  the  oxygen  vacancies  to  the  grain  boundary  has  been  proposed  as  a 
mechanism. 

Trivalent  manganese  plays  an  important  role  in  a  number  of  capacitor  compositions 
by  lowering  conduction  losses.  Mn^^  has  the  3d^  electron  configuration  and  is  widely 
known  as  a  Jahn-Teller  ion.  It  seems  likely  that  the  large  tetragonal  distortions 
associated  with  Jahn-Teller  ions  are  effective  in  anchoring  oxygen  vacancies. 


6.4.  Relaxor  ferroelectrics 

Ordered  perovskites  generally  have  low  dielectric  constants  because  the  linkage  between 
'active'  ions  is  severed.  In  disordered  structures  such  as  the  relaxor  ferroelectrics  the 
dielectric  constant  can  be  extremely  large,  making  them  useful  as  capacitor  dielectrics. 
The  monolithic  Pb-based  compositions  under  development  in  Japan  (Yonezawa  et  al 
1987)  are  excellent  examples.  Not  only  do  the  Pb(Feo.5Nbo5)Oj-Pb(Feo67Wo33)Oj 
ceramics  have  dielectric  constants  in  excess  of  IS  000  but  they  can  be  sintered  in  air 
at  850  *C  with  silver  electrodes. 

Relaxor  ferroelectrics  are  characterised  by  temperaturc'sensitive  microdomains 
resulting  from  the  many  different  'active'  ion  linkages  in  the  disordered  oaahedral 
framework.  Each  (Nb06)  octahedron  may  be  bonded  to  anywhere  from  zero  to  six 
other  (NbO«)  octahedra.  Connections  between  these  octahedra  are  assumed  to  be 
essential  to  ferroelectricity  and  high  K  values.  As  temperature  decreases  from  the 
high'temperature  paraelectric  state  theee  microdomains  gradually  coalesce  to 
macrodomains  giving  rise  to  a  diffuse  phase  transformation.  These  polarisation  fluctu¬ 
ations  are  also  dependent  on  bias  field  and  measurement  frequency.  The  dielectric 
consunt  drops  off  rapidly  with  frequency  (hence  the  name  'relaxor')  because  it  takes 
time  for  the  polarisation  fluctuations  to  respond,  dc  bias  fields  favour  coalescence, 
having  the  same  effect  as  lowering  the  temperature. 

Relaxor  behaviour  is  very  common  among  Pb-based  perovskites,  suggesting  that 
Pb^*^  and  its  'lone-pair'  elearons  play  a  role  in  the  microdomain  process,  possibly  by 
adjusting  the  orientation  of  the  lone  pair. 

Multilayer  relaxor  ferroelectrics  are  used  as  micropositioners  as  well  as  capacitors. 
The  electrostrictive  distortions  are  highly  reproducible  and  have  found  widespread  use 
in  aaive  optic  systems  (Uchino  et  al  1980). 

6.5.  Piezoelectric  transducers 

Piezoelectric  transducen  convert  mechanical  energy  to  electrical  energy  (the  direct 
piezoelectric  effect),  or  electrical  energy  to  mechanical  energy  (the  converse  piezoelec¬ 
tric  effect)  ( Herbert  1982).  Ferroelearic  ceramics  such  as  lead  zirconate  titanate  become 
piezoelectric  when  electrically  poled.  Poling  is  carried  out  under  intense  electric  fields 
at  temperatures  just  below  the  ferroelectric  Curie  point  where  the  domains  are  most 
easily  aligned. 
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The  phase  diagram  of  the  PbZrOs-PbTiOs  system  is  shown  in  figure  21(a). 
A  complete  solid  solution  forms  at  high  temperature  with  Zr  and  Ti  randomly  distributed 
over  the  octahedral  sites  of  the  cubic  perovskite  structure.  On  cooling,  the  structure 
undergoes  a  displacive  phase  transformation  into  a  distorted  perovskite  structure. 
Titanium-rich  compositions  favour  a  tetragonal  modification  with  sizeable  elongation 
along  [001]  and  a  large  spontaneous  polarisation  in  the  same  direction.  There  are  six 
equivalent  polar  axes  in  the  tetragonal  state  corresponding  to  the  [100],  [lOO],  [010], 
[OTO],  [001],  and  [OOT]  directions  of  the  cubic  paraelectric  state.  A  rhombohedral 
ferroelectric  state  is  favoured  for  zirconium-rich  compositions.  Here  the  distonion 
and  polarisation  are  along  [111]  directions,  giving  rise  to  eight  possible  domain  states; 
[111],  [ill],  [111],  [iiT],  [liT],  [Til],  [TTi],  and  [ITT]. 

The  compositions  which  pole  best  lie  near  the  morphotropic  boundary  between 
the  rhombohedral  and  tetragonal  ferroelectric  phases.  For  these  compositions  there 
are  fourteen  possible  poling  directions  over  a  very  wide  temperature  range.  This 
explains  why  the  piezoelectric  coefficients  are  largest  near  the  morphotropic  boundary 
(figure  21(6)). 

Morphotropic  boundaries  are  relatively  common  in  Pb-based  perovskites,  more  so 
than  in  other  perovskite  phase  diagrams.  In  solid  solutions  based  on  BaTi03 ,  a  different 
sequence  of  phase  transformations  appears.  On  cooling  from  high  temperatures  the 
cubic  phase  undergoes  transformations  to  tetragonal,  orthorhombic,  and  rhombohedral. 
The  intervening  orthorhombic  phase  makes  it  possible  for  the  tetragonal  phase  to 
transform  to  rhombohedral.  Thus  there  is  no  morphotropic  phase  boundary  in  BaTiO}- 
based  ceramics. 

It  appears  that  morphotropic  boundaries  occur  in  PbTiOj-based  systems  because 
of  the  suppression  of  the  orthorhombic  phase.  The  Pb**  ion  plays  a  major  role  in  the 
suppression.  Because  of  its  lone-pair  6s^  electron  configuration,  Pb^"*  favours  pyramidal 
bonding.  In  the  tetragonal  and  rhombohedral  perovskites,  such  bonding  occurs,  but 
not  in  the  orthorhombic  ferroelectric  form.  Here  Pb^"^  is  forced  to  move  directly  toward 
a  neighbouring  oxygen  ion,  an  extremely  unfavourable  coordination  ( Heywang  and 
Thomann  1984). 

Poled  ceramic  transducers  have  conical  symmetry  (point  group  orim),  the  symmetry 
of  a  polar  veaor.  By  convention,  the  X3  axis  is  chosen  along  the  polar  axis  with  the 


Ftgan  21.  (a)  Binary  phase  diagram  of  the  lead  zirconate-lead  titanatc  ceramics  used  in 
transducers,  (ft)  Largs  piezoeiearic  cocfflciantt  are  obuined  for  poled  ceramics  with 
compositions  near  the  morphotropic  phase  boundary. 
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Figure  22.  (d)  Poled  piezoeieciric  ceramics  have  the  symmetry  of  the  imposed  electric  field 
veaor.  This  symmetry  determines  the  form  of  the  piezoelectric  tensor  which  is  referred  to 
the  axial  system  shown  in  (h). 

orthogonal  x,  and  Xj  axes  perpendicular  to  (figure  22).  The  piezoelectric  coefficients 
relate  polarisation  to  mechanical  stress.  P|,  Pi,  and  P,  are  the  components  of  the 
stress-induced  polarisation  along  axes  x^,  Xj,  and  Xj.  In  matrix  notation,  stress 
components  tr, ,  a-i,  and  <ri  are  the  applied  tensile  stresses  parallel  to  x,,  x.,  and  x, . 
Shear  stresses  about  x, ,  x^,  and  Xj  are  designated  <74,  cr,,  and  a-^,  respectively. 

For  poled  ferroelectric  ceramics,  conical  symmetry  dictates  that  all  piezoelectric 
coefficients  are  zero  except  =  djj,  djj,  and  d,j  =  d^.  The  direct  piezoelectric  effect 
can  therefore  be  described  by  the  following  matrix  expression: 


\::i 


Multiplying  out, 

P,  =  d,5crj  P2  =  d,5(7-4  Pj^djifcr, -i-cr;)  +  d33cr3. 

Thus  polarisation  along  x,  can  only  be  generated  by  shear  stresses  about  x^.  For 
hydrostatic  pressure  p,  (t,  « (72  =  Cj  =»  -p,  and  <7*  =  as  =  =  0.  The  resulting  polarisa¬ 

tion  appears  along  X3:  P3»(2d3, +  ds3)(“P)- 

Molecular  mechanisms  for  piezoelectric  coefficients  d^,,  d,,,  and  d,s  are  pictured 
and  explained  in  figure  23.  For  pzt  compositions  near  the  morphotropic  boundary, 
d33»400pC  N“',  ^3,  »-170,  and  d,5»500.  The  magnitudes  depend  markedly  on 
dopants  and  defect  structure  because  of  their  influence  on  domain  wall  motion. 

Donor  ions  create  Pb  vacancies  in  the  pzt  structure.  As  an  example,  when  Nb’" 
is  substituted  for  T\**,  vacancies  on  the  lead  site  result: 

(Pb,-./2a,/2)(ri,.,.4Zr,Nb,)03. 

Donor  doping  is  not  effective  in  pinning  domain  walls.  Pinning  is  believed  to  result 
from  the  alignment  of  defect  dipoles  with  the  spontaneous  polarisation  within  a  domain. 
The  defea  dipoles  come  from  the  negatively  charged  Pb  vacancies  paired  with  dopant 
Nb^'^  ions.  Since  the  defect  dipoles  are  formed  at  high  temperature,  the  dipoles  are 
not  aligned  with  P,  initially  because  the  spontaneous  polarisation  is  zero  in  the  cubic 
paraelectric  sute.  Alignment  can  only  take  place  below  the  Curie  temperature  ( -350  ‘’C 
for  PZT)  where  diffusion  rates  are  low.  Such  is  the  case  for  donor-doped  pzt,  a 
so-called  'soft'  pzt.  In  a  soft  pzt,  domain  wall  motion  contributes  to  the  size  of  the 
dieiearic  and  piezoelectric  coefficients.  Hence  soft  pzt  transducers  are  used  as 
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Figurt  23.  (a)  Tetragonal  PbTiO)  is  non-centrosymmethc  with  the  titanium  ion  displaced 
from  the  centre  of  the  unit  cell,  (b)  When  a  tensile  stress  is  applied  parallel  to  x,.  the  Ti*'^ 
ion  displaces  further  in  its  ofl-centre  position,  creating  a  positive  polarisation  in  this 
direaion:  (c)  If  the  stress  is  applied  along  x, ,  the  dipole  moment  of  the  unit 

cell  is  diminished,  and  a  negative  polarisation  appears.  Hence  d),  is  negative  while  d,,  is 
positive.  ( d )  For  a  shear  stress  about  Xj ,  the  dipole  moment  is  tipped,  producing  polarisation 
in  the  x,  direction,  Ft 


hydrophones  and  ultrasonic  detectocSL where  high  sensitivity  to  weak  signals  is  needed. 
Adversely,  however,  soft  pzt  ceramics  are  easily  depoled  because  the  domain  walls 
are  not  pinned.  For  this  reason,  soft  pzt  is  not  used  for  sonar  transmitters  or  spark 
generators  (Pointon  1982). 

Acceptor  doping  with  lower  valent  ions  such  as  K*  (for  Ba^"^)  or  Fe’"'  (for  Ti'*'^) 
is  employed  to  produce  'hard'  pzt.  Oxygen  vacancies  are  generated  by  acceptor  doping; 

(Pbi_*lC,)(Tii_^Zry)(Oj_j,/2Q*/2)» 

Domain  walls  are  pinned  in  hard  pzt  because  the  defect  dipoles  are  able  to  align  in 
accordance  with  the  domain  structure.  Dipoles  consisting  of  oxygen  vacancies  and 
associated  dopant  ions  are  able  to  re-orient  more  easily  in  a  hard  pzt.  The  explanation 
lies  in  the  ease  with  which  oxygen  vacancies  diffuse  at  temperatures  below  Tg. 

Examination  of  the  perovskite  structure  makes  it  clear  why  oxygen  vacancies  diffuse 
faster  than  cation  vacancies.  Cations  are  completely  surrounded  by  oxygens  and  are 
separated  from  the  nearest  cation  site  by  an  entire  unit  cell  (-4  A),  making  diffusion 
very  difficult.  Oxygen  sites,  on  the  other  hand,  are  adjacent  to  one  another,  only  2.8  A 
apart.  Hence  oxygens  can  easily  move  into  nearby  oxygen  vacancies,  realigning  defect 
dipoles  and  pinning  domain  walls. 


7.  Magnetisai  in  oxides 

Magnetic  ordering  occurs  when  the  transition-metal  atoms  are  nearest  neighbours 
(metals)  or  next  nearest  neighboun  (simple  compounds)  (Chikazumi  1964).  Among 
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oxides  and  fluorides,  antiferromagnetism  is  much  more  common  than  ferromagnetism 
or  ferrimagnetism.  The  reason  is  the  superexchange  interaction.  Direct  exchange 
seldom  occurs  in  such  materials  because  the  transition-metal  ions  are  not  in  direct 
contact,  but  interact  via  an  intermediate  anion.  Superexchange  is  a  strong  interaction, 
leading  to  magnetic  transition  temperatures  comparable  to  metals.  Ferromagnetic 
ordering  in  Fe  occurs  at  1040  K,  antiferromagnetism  in  a-FejOs  at  950  K,  and  ferrimag¬ 
netism  in  magnetite  at  860  K. 

In  the  superexchange  interaaion  two  metal  atoms  M,  and  M;  on  opposite  sides 
of  an  oxygen  ion  interact  through  a  p  orbital  of  oxygen  (flgure  24).  Transition-metal 
ions  with  less  than  half  full  d  shells  will  be  considered  first.  Since  the  oxygen  ion  is 
not  fully  ionised,  its  outer  electrons  spend  time  on  the  neighbouring  transition-metal 
ions.  When  it  enters  the  d  shell  of  a  transition  ion  whose  d  orbitals  are  less  than  half 
full,  the  oxygen  electron  spin  is  parallel  to  those  of  the  metal  ion,  in  accordance  with 
Hund’s  rule.  Meanwhile  the  other  electron  in  the  same  oxygen  p  orbital  is  on  the 
opposite  side  of  the  oxygen  ion  because  of  the  coulomb  repulsion  between  two  electrons 
in  the  same  p  orbital.  While  there,  the  second  electron  (whose  spin  is  antiparallel  to 
the  first  electron  because  of  the  Pauli  exclusion  principle)  also  interacts  with  transition- 
metal  ions — and  its  spin  will  again  be  parallel  to  that  of  the  metal  ion  if  its  d  shell  is 
less  than  half  full.  The  antiferromagnetic  superexchange  thus  arises  from  the  alignment 
as  shown  in  flgure  24:  the  first  metal  atom  accepts  an  electron  with  parallel  spin  from 
an  oxygen  neighbour;  the  spins  of  the  two  electrons  in  the  same  oxygen  p  orbital  are 
antiparallel;  and  the  second  electron  spends  part  of  its  time  in  parallel  alignment  with 
the  d  elearons  of  the  second  metal  ion. 


(al 

M,—  0  — .  Mj 
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FIgari  24.  The  180*  superexchange  inieraciion  when  the  transition-meul  3d  shell  is 
(a)  lew  than  half  full  and  (h)  half  or  more  than  half  full. 

A  similar  situation  occurs  when  the  d  electron  shell  of  the  transition-metal  ion  is 
more  than  half  full,  again  resulting  in  antiferromagnetic  superexchange  (flgure  24). 
The  oxygen  electrons  enter  the  metal  atom  d  shell  antiparallel  to  the  net  spin,  but 
since  the  same  thing  happens  to  the  other  electron,  the  interaction  remains  antiferromag¬ 
netic.  Superexchange  is  strongest  when  the  angle  M,-0-M2  is  180”,  allowing  maximum 
overlap  of  the  p  orbital  with  the  two  metal  ions.  The  interaaion  weakens  as  the  angle 
approaches  90”,  even  though  the  metal- metal  distance  may  be  shorter. 

Long-range  magnetic  order  disappears  at  high  temperatures  because  of  thermal 
disorder.  The  transition  temperature  is  called  the  Curie  point  ( TJ  in  a  ferromagnet 
or  ferrimagnet,  and  the  N6el  point  ( T^)  in  an  antiferromagnet.  Te  and  Ts  depend 
strongly  on  transition-maal  concentration,  as  expeaed.  The  general  trend  is  indicated 
by  the  transition  temperatures  for  the  following  Fe^*^  compounds,  which  are  arranged 
in  order  of  decreasing  iron  content:  tt*Fe203  (958  K),  y-Fe202  (743),  FeOF  (315), 
Fe2MgO*  (653),  Y,Fe,0„  (563),  FeF,  (394).  FeCl,  (10),  Fe2TeO,  (219),  YFeO,  (643), 
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FeP04  (25),  Fe3(P04)2  •  4H:0  (15),  FeNH4(S04)i  •  12H2O  (<l  K).  Magnetic  inter¬ 
actions  weaken  with  increasing  dilution,  although  some  noticeable  irregularities  occur 
in  the  list.  The  transition  temperature  of  FeCh  is  surprisingly  low,  while  that  of  YFeOj 
is  rather  high.  These  exceptions  illustrate  the  influence  of  crystal  structure  on  the 
exchange  interactions.  Ferric  chloride  has  a  layer  structure  with  sequence  -Cl-Fe-Cl- 
Cl-Fe-Cl-.  Neither  direct  nor  superexchange  interactions  are  possible  between  layers, 
hence  Ts  is  very  low.  In  YFeOs ,  the  arrangement  of  iron  and  oxygen  is  nearly  ideal 
for  180”  superexchange.  The  compound  crystallises  in  the  perovskite  structure  with 
interconnected  -O-Fe-O-Fe-0-  chains  in  all  three  directions. 

7. 1.  Spinel  ferrites 

Most  magnetic  ceramics  make  use  of  the  trivalent  iron,  Fe^*^,  with  its  five  unpaired 
electrons.  To  take  advantage  of  the  large  magnetic  moment,  it  is  necessary  to  couple 
the  spins  through  superexchange.  In  ferrites  with  the  spinel  structure  there  is  a  strong 
antiferromagnetic  superexchange  coupling  between  the  tetrahedral  and  octahedral 
sites.  Each  oxygen  in  the  spinel  structure  is  bonded  to  one  tetrahedral  cation  and 
three  octahedral  cations  (figure  25).  The  tetrahedral  ion-oxygen-oaahedral  cation 
linkage  subtends  an  angle  of  125”  at  the  oxygen  ion  which  is  large  enough  to  make 
use  of  a  2p  orbital  in  a  strong  superexchange  interaction. 


Fig«rt  2S.  Oxygen  nearesi  neighbours  in  (he  spinel  structure.  Superexchange  coupling 
between  the  tetrahedral  and  octahedral  sues  is  especially  strong. 

The  complexity  of  the  spinel  structure  is  also  important;  there  are  twice  as  many 
octahedral  as  tetrahedral  meul  ions  in  spinel  and  this  leads  to  magnetic  imbalance 
and  a  net  magnetisation.  This  is  why  magnetite  ( Fe304,  spinel  structure)  is  ferrimagnetic 
while  hematite  (a-Fe203,  corundum  structure)  and  wustite  (FeO,  rocksalt  structure) 
are  antiferromagnetic. 

7.2.  Magnetisation 

In  the  spinel  ferrites,  the  spontaneous  magnetisation  is  equal  to  the  difference  between 
the  sublattice  magnetisations  associated  with  the  octahedral  and  tetrahedral  sites.  By 
judicious  choice  of  ions,  the  difference  can  be  made  quite  large,  and  leads  to  an  unusual 
situation  in  which  adding  a  non-magnetic  ion  increases  the  magnetisation.  This  type 
of  substitution  is  used  to  maximise  the  remanent  magnetisation  of  ferrites. 

Zinc  ferrite  (ZnFe204)  is  a  normal  spinel  whereas  most  other  spinel  ferrites  have 
the  inverse  structure.  In  a  normal  spinel,  divalent  cations  occupy  the  tetrahedral  sites, 
in  contrast  to  inverse  spinels  where  the  tetrahedral  sites  are  filled  with  trivalent  cations. 
In  the  nickel  zinc  ferrite  solid  solution  (Ni|.4Zn,Fe204),  as  x  is  increased  Zn^*^  replaces 
Fe^"^  in  the  tetrahedral  sites  and  Fe^*  fills  the  ocuhedral  sites  emptied  by  Ni**.  Divalent 
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zinc  has  no  unpaired  electrons,  divalent  nickel  has  two,  and  trivalent  iron  five.  The 
net  magnetisation  of  nickel  zinc  ferrite  is  proportional  to  5(l  +  x)  +  2(l -x)-O(x)- 
5(1-x)  =  2  +  8x.  Calculated  magnetic  moments  for  several  of  the  zinc  ferrite  solid 
solutions  are  compared  with  experiment  in  figure  26.  As  predicted,  the  magnetisations 
rise  with  increasing  zinc  content  until  there  are  so  few  Fe^"^  ions  remaining  in  tetrahedral 
sites  that  the  superexchange  coupling  between  tetrahedral  and  octahedral  sites  breaks 
down.  As  a  result,  the  Curie  temperatures  decline  rapidly  with  increasing  zinc  content, 
eventually  dropping  below  room  temperature  (figure  27).  The  ferrite  changes  from 
ferrimagnetic  to  paramagnetic  as  the  composition  nears  pure  zinc  ferrite.  The  most 
useful  compositions  are  those  near  x  =  0.5  where  the  magnetisation  is  a  maximum. 


Figure  26.  Addition  of  zinc  raises  the  magnetisation  of  ferrites. 


7.3.  Soft  ferntes 

Soft  ferrites  are  noted  for  their  high  magnetic  permeability  and  high  electrical  resistivity 
(Slick  1980).  Eddy  current  losses  are  of  great  importance,  and  compared  to  metals, 
the  high  resistivity  of  ferrites  greatly  reduces  loss  at  high  frequencies.  Applications 
for  soft  ferrites  include  induaors,  transformers,  antenna  rods,  loading  coils,  deflection 
yokes,  choke  coils,  recording  heads,  and  magnetic  amplifiers. 

Manganese  zinc  ferrite  and  nickel  zinc  ferrite  are  the  most  widely  used  of  the  soft 
ferrites.  Mn-Zn  ferrite  has  the  highest  saturation  magnetisation  of  any  ferrite,  and  is 
a  good  soft  magnetic  core  material,  but  Ni-Zn  ferrite  is  superior  at  high  frequencies 
because  of  its  higher  electrical  resistivity  and  lower  resonance  losses. 

The  property  of  greatest  interest  in  soft  ferrites  is  the  initial  permeability  Mi  and 
its  frequency  dependence.  Permeability  is  a  complex  quantity,  with  the 

magnetic  loss  factor  defined  as  tan  5  » tx'l it  -  Engineers  often  use  tan  5/m'  as  a  figure 
of  merit  in  comparing  different  ferrites  at  low  frequencies.  The  lowest  (best)  figures 
of  merit  are  obtained  for  Mn-Zn  ferrites,  and  for  Ni-Zn  ferrites  at  high  frequencies. 
The  crossover  frequency  is  approximately  I  MHz. 

Figure  28  shows  frequency  spectra  for  several  Ni-Zn  ferrites.  The  permeability 
spectrum  is  characterised  by  a  broad  loss  peak  at/,  associated  with  domain  wall  losses. 
Note  that  the  ferrites  with  high  permeability  have  the  worst  frequency  dependence; 
the  product  M'/r  is  approximately  consunt  (Snoek's  law). 


Figwt  21.  Penneability  spcanim  for  Ni-Zn  ferrite*  (Siiiit  and  Wijn  1959). 
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7.4.  Anistropy,  magnetostriction  and  microstructures 

7.4.1.  Anisotropy.  To  maximise  the  permeability  of  a  soft  ferrite  it  is  necessary  to 
eliminate  restraints  on  domain  wall  motion.  Crystal  anisotropy  and  magnetostriction 
are  two  restraints  which  can  be  greatly  reduced  through  control  of  chemical  composition 
and  microstructure.  Mn-Zn  ferrites  are  intrinsically  soft  because  of  their  low  anisotropy 
fields.  Mn^*^  and  Fe^*^  have  half-filled  3d  shells  and  Zn^*^  has  a  completely  filled  shell. 
All  three  ions  are  spherically  symmetric  with  little  preference  in  spin  orientation. 

The  anisotropy  field  affects  both  the  rotational  and  domain  wall  contributions  to 
the  permeability.  Since  the  spins  in  a  low  anisotropy  ceramic  are  easily  deflected  by 
an  applied  field,  the  rotational  permeability  is  greatly  enhanced.  Domain  wall  motion 
is  also  enhanced  because  of  the  nature  of  domain  walls.  Within  the  walls,  spin 
orientations  differ  markedly  in  orientation  from  the  easy  axis  directions.  Thus  wall 
energy  and  the  ease  with  which  walls  can  be  created  or  displaced  is  influenced  strongly 
by  the  anisotropy  field. 


7.4.2.  Magnetostriction.  The  change  in  shape  of  a  magnetic  specimen  during  the 
magnetisation  process  is  called  magnetostriction.  Domain  wall  motion  is  responsible 
for  most  of  the  strain.  Strain  measurements  are  made  on  unmagnetised  specimens 
with  randomised  domain  structure.  When  a  field  is  applied,  the  specimen  changes 
shape,  and  eventually  both  the  magnetisation  and  the  strain  reach  saturation  values 
at  very  large  fields.  For  ferrites  the  saturation  strain  A  ranges  from  10~‘  to  l0~^  Small 
values  of  A  are  essential  in  a  soft  ferrite  because  strain  mismatch  impedes  domain  wall 
motion  and  magnetisation  rotation. 

Magnetostrictive  coefficients  have  been  measured  for  a  number  of  ferrites  including 
the  manganese  zinc  ferrites  shown  in  figure  29.  Adding  a  few  per  cent  Fe^*  reduces 
A  to  zero,  and  it  also  decreases  the  anisotropy  coefficient  /C, . 

7.4.3.  Microstructures.  Compositions  near  the  intersection  of  the  A  >  0  and  K^  =  0  lines 
are  especially  interesting.  Magnetic  permeabilities  as  large  as  40  000  are  measured 
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Flgwt  29.  Coasunt  permeability  contours  in  the  Mn-Zn-Fe  ferrite  system.  Maximum 
permeability  occun  near  the  point  of  zero  mainetostriction  and  zero  anisotropy. 
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near  the  point  where  magnetostrictive  and  anisotropy  effects  are  absent.  Domain  wall 
and  rotational  contributions  to  the  permeability  are  both  enhanced  at  this  composition. 

In  ceramic  ferrites,  a  microstructure  consisting  of  large,  defect-free  crystallites 
favours  domain  wall  mobility  and  high  magnetic  permeability  (Jonker  and  Stuijts 
1971).  Domain  wall  movements  are  suppressed  in  the  fine-grained  ferrites  used  in 
permanent  magnets  and  in  high  frequency  applications.  Small  grain  microstructures 
and  low  porosity  are  also  required  for  microwave  ferrites  to  eliminate  unwanted  spin 
waves. 

The  distribution  of  pores  in  the  microstructure  is  important.  Tiny  pores  distributed 
uniformly  throughout  the  grains  are  obtained  in  ferrites  slightly  deficient  in  oxygen. 
The  pores  pin  domain  walls  and  lower  the  magnetic  permeability,  A  different  pore 
structure  is  obtained  in  ferrites  deficient  in  cations.  In  this  case  the  pores  are  swept 
together  at  the  grain  boundaries  during  sintering,  leaving  behind  relatively  perfect 
crystallites.  Very  high  permeabilities  can  then  be  achieved  provided  the  grain  size  is 
large  (Jonker  and  Stuijts  1971). 

Microstructure  also  controls  magnetic  losses.  Substituting  Fe^"  in  Mn-Zn  ferrites 
raises  the  permeability  but  it  also  lowers  the  electrical  resistivity  as  the  extra  elearon 
hops  easily  between  iron  atoms:  Fe^'^  +  e".  The  increased  conductivity  leads 

to  eddy  current  losses  which  can  be  controlled  by  adding  a  small  amount  of  silica  to 
the  suiting  material.  During  the  sintering  operation,  silica  forms  a  grain  boundary 
phase  which  raises  the  resistance  and  eliminates  eddy  currents.  This  results  in  a 
decrease  in  the  electrical  loss  tan  8  and  an  increase  in  the  figure  of  merit.  M/tan  8. 

Eddy  currents  are  the  most  important  source  of  loss  at  low  frequencies  (kHz  range) 
but  ferrimagnetic  resonance  and  domain  wall  damping  are  the  controlling  mechanisms 
in  the  MHz  range.  Mn-Zn  ferrites  are  not  used  at  these  frequencies  because  the  Larmor 
precession  frequency  is  too  low.  Ni-Zn  ferrites  have  stronger  internal  fields  and  higher 
resonant  frequencies  (10-1(X)0  MHz).  This  towers  resonance  losses  in  the  I-IO  MHz 
range.  Eddy  current  losses  are  also  small  because  of  the  higher  resistivity  of  the  Ni-Zn 
compositions,  although  the  permeability  /j.'  is  somewhat  smaller. 

Domain  wall  damping  contributes  to  loss  at  frequencies  just  below  resonance.  To 
limit  this  factor,  it  is  necessary  to  minimise  wall  displacements  by  making  the  grain 
size  very  small.  Hot  pressing  procedures  or  the  addition  of  grain  growth  inhibitors 
keep  the  grain  size  small  and  lower  losses. 

Small  grain  size  is  also  an  advantage  in  microwave  ferrites  which  operate  in  the 
GHz  range.  When  operated  at  high  power  levels,  pat<ta>etric  excitation  of  spin  waves 
becomes  the  dominant  loss  mechanism.  Reduaions  in  grain  size  to  below  2  /am  increase 
the  power  handling  capability  by  several  orders  of  magnitude. 


7.5.  Permanent  magnets 

Hard  magnets  are  characterised  by  high  coercive  field  strength  and  high  remanent 
magnetisation  (Becker  et  al  1968).  The  energy  product  (figure  30)  is  used  as 

a  measure  of  magnetic  ‘hardness*. 

Processing  methods  to  maximise  the  BH  produa  are  magnetic  annealing  and  the 
texturing  of  crystallites  by  magnetic  pressing.  Precipitation  hardening,  superlattice 
formation,  and  work  hardening  also  increase  the  coercive  field  by  restricting  domain 
wall  movement. 

Some  oxide  magnets  utilise  particles  small  enough  to  have  single  domain  struaure. 
The  oxide  powder  (op)  magnet  with  composition  3CoFe204  *  Fe)04  invented  50  years 
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Figure  30.  Hysteresis  in  magnetic  ceramics. 


ago  has  large  magnetocrystalline  anisotropy  and  large  magnetostrictive  coefficients  as 
well  as  small  particle  size.  Overfiring  can  cause  grain  growth,  resulting  in  a  reduced 
coercive  held. 

One  of  the  most  widely  used  permanent  magnet  materials  is  barium  ferrite,  a 
ferrimagnetic  oxide  with  the  magnetoplumbite  structure.  The  large  Ba^"  ions  form  a 
close-packed  array  with  the  0^~  anions  in  a  mixed  sequence  of  hexagonal  and  cubic 
close-packing.  Trivalent  iron  ions  occupy  three  types  of  sites  within  the  magneto¬ 
plumbite  structure:  octahedral,  tetrahedral,  and  an  unusual  five-coordinated  trigonal 
bipyramid  site. 

Magnetic  interactions  between  the  iron  ions  take  place  via  the  same  -Fe-O-Fe- 
superexchange  mechanism  found  in  spinel  ferrites.  Four  of  the  twelve  irons  in 
BaFei20i9  align  opposite  to  the  other  eight,  giving  a  net  saturation  magnetisation  of 
(8 -4)5  =  20 Ms  per  formula  unit.  Spin  alignments  for  the  various  magnetic  ions  in 
the  unit  cell  are  illustrated  in  figure  31,  pointing  out  the  similarity  to  the  spinel  structure. 
The  saturation  magnetisation  is  also  similar  to  the  spinel  ferrites,  but  the  crystalline 
anisotropy  is  much  larger  because  of  the  lower  symmetry.  In  BaFe,20i9  the  Fe^*  spins 
are  locked  tightly  to  the  [001]  direction  giving  a  high  anisotropy  coefficient. 

Compared  to  the  best  metallic  permanent  magnets,  the  ferrite  magnets  are  charac¬ 
terised  by  a  high  coercive  held  (//«)  and  low  residual  magnetic  induaion  fBr)- 
origin  of  the  high  coercive  held  is  the  high  magnetocrystalline  anisotropy  which  locks 
the  spins  into  the  c  axis  orientation.  Representative  properties  for  the  op  magnet,  and 
for  barium  and  strontium  hexaferrite  are  listed  in  table  1.  The  ferrites  are  best  used 
in  applications  that  take  advantage  of  the  high  values;  oc  motors,  holding  devices, 
and  magnetic  separators.  Flexible  rubber-bonded  ferrites  are  used  as  stators  and  as 
magnetic  latching  devices. 

7.6.  Preparation  and  applications 

Barium  ferrites  are  generally  made  by  calcining  BaCO)  with  BaFei20i9.  The  oxide  is 
then  ground  to  micrometre-size  powder,  compacted  in  a  die,  and  sintered  at  1200  to 
1300  to  about  9S%  theoretical  density. 

To  obtain  grain  alignment  with  a  threefold  improvement  in  properties,  the  powder 
is  pressed  in  the  presence  of  a  magnetic  held  before  sintering.  Barium  ferrite  has  a 
piatey  morphology  with  the  easy  axis  of  magnetisation  perpendicular  to  the  hexagonal 
plates.  The  combined  action  of  parallel  stress  and  magnetic  field  during  the  forming 
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Fig«n  31.  Cross  section  of  the  magnetoplumbite  structure  M,  with  the  c  axis  vertical.  The 
arrows  indicate  the  spin  orientations.  The  vertical  lines  are  axes  of  threefold  symmetry 
and  the  cross  denotes  a  centre  of  symmetry.  All  layers  containing  barium  are  mirror  planes, 
and  are  denoted  by  m.  The  structure  consists  of  spinet-like  blocks  separated  by  the  layers 
containing  barium.  The  asterisk  indicates  a  rotation  of  a  block  by  180*  about  the  c  axis 
iSmit  and  Wijn  1959). 


Table  1.  Properties  of  ferrite  permanent  magnets  (Becker  er  al  1968). 


Material 

0,(Wm'-) 

H.  (l0‘Am'') 

(0W)„„(IO';m-') 

BaFe,jO„ 

isotropic 

0.22 

Q.I48 

4.0 

Oriented  (high  0,) 

0.384 

0.160 

14.0 

Oriented  (high  H,) 

0.32 

0.204 

10.4 

Rubber  bonded 

0.22 

0.118 

4.4 

SrFe,;0„ 

Oriented  (high  B,) 

0.40 

0.176 

14.8 

Oriented  (high  H^) 

0.355 

0.252 

12.0 

OP  magnet 

COo  •'5FC0 

0.25 

0.052 

4.8 

operation  produces  a  highly  oriented  grain  structure  with  spins  parallel  to  the  magnetic 
held.  To  obtain  a  high  remanent  magnetisation,  it  is  important  to  avoid  grain  growth 
during  sintering.  Silicate  mixtures  are  used  as  grain  growth  inhibitors. 

The  uses  for  permanent  magnets  are  surprisingly  numerous  and  frequently  go 
unnoticed.  Among  the  applications  are  telephones,  electric  clocks,  television,  radio, 
hearing  aids,  watt-meters,  phonographs,  and  thermostats.  Portable  appliances  such  as 
the  electric  knife,  automobile  accessories,  and  the  electric  toothbrush  use  low  voltage 
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DC  motors  with  permanent  magnets.  In  industry,  they  are  used  in  magnetic  separators, 
microwave  systems,  magnetic  chucks,  and  computers. 

The  design  of  a  permanent  magnet  is  as  important  as  the  choice  of  materials. 
Through  improved  materials  and  computer-aided  design,  the  performance  of  permanent 
magnets  has  often  surpassed  electromagnets  in  lower  cost  and  volumetric  efficiency. 
The  performance  is  governed  by  the  demagnetisation  curve,  the  nature  of  the  magnetic 
circuit,  and  the  dimensions  of  the  magnet. 

The  basic  function  of  a  permanent  magnet  is  to  generate  a  useful  magnetic  held 
in  an  air  gap.  In  a  well  designed  circuit,  the  field  is  concentrated  across  the  gap  with 
the  aid  of  soft  magnet  pathways  for  the  flux. 

The  applications  for  permanent  magnets  can  be  subdivided  into  static  and  dynamic 
functions.  Static  functions  include  separators,  latches,  compasses,  and  chucks  where 
the  magnet  gives  a  mechanical  force,  and  magnetrons  and  beam-focusing  devices  in 
which  the  magnet  controls  an  electron  beam. 

Dynamic  devices  generally  involve  electric  to  mechanical  energy  conversion. 
Examples  are  microphones,  phonograph  pick-ups,  telephone  bells,  and  loudspeakers. 


8.  Samiiiary 

In  this  brief  review,  many  interesting  topics  in  electroceramics  have  been  omitted  or 
given  only  cursory  attention.  More  complete  discussions  can  be  found  in  the  recent 
books  edited  by  Buchanan  (1986)  and  by  Levinson  (1988). 

An  overview  of  structure-property  relationships  in  electroceramics  is  given  in  figure 
32  which  illustrates  the  various  atomistic  mechanisms  utilised  in  ceramic  circuit  com¬ 
ponents.  Multilayer  capacitors,  piezoelectric  transducers  and  ptc  thermistors  make 


Farri  magnetic 
doffloins: 
territe  hard 
and  soft  magnets 
magnetic  tape 
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Figere  32.  An  overview  of  the  various  atomistic  mechanisms  involved  in  electroceramic 
componenu. 
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use  of  the  properties  of  ferroelearic  perovskites  with  their  high  dielearic  permittivity, 
large  piezoelectric  coefficients,  and  anomalous  electric  conduaivity.  Similar  domain 
phenomena  are  observed  in  ferrimagnetic  oxide  ceramics  such  as  NiFe:0«.  Hard  and 
soft  ferrites  are  analogous  to  hard  and  soft  pzt,  and  have  found  substantial  markets 
in  magnetic  tape  and  electric  motors. 

Several  kinds  of  mechanisms  are  operative  in  thermistors  and  other  ceramics  used 
as  sensors.  Most  are  based  on  changes  in  elearical  resistivity,  but  the  causes  are 
different.  The  critical  temperature  thermistor  involves  a  semiconductor-metal  phase 
transition,  ntc  thermiston  make  use  of  the  semiconducting  properties  of  doped 
transition-metal  oxides.  Ionic  conductivity  is  used  in  oxygen  sensors  and  batteries. 
Stabilised  zirconia  is  an  excellent  anion  conductor,  and  )3- alumina  is  one  of  the  best 
cation  conductors. 

Humidity  sensors  make  use  of  surface  conduction.  Adsorbed  water  molecules 
dissociate  in  hydroxyl  in  hydronium  ions  which  alter  the  electrical  resistivity. 

Grain  boundary  phenomena  are  involved  in  boundary  layer  capacitors,  varistors, 
and  PTC  thermistors.  The  formation  of  thin  insulating  layers  between  conducting  grains 
is  crucial  to  the  operation  of  all  three  electroceramic  components.  Lastly,  the  import¬ 
ance  of  elearoceramic  insulators  and  substrates  should  not  be  overlooked.  Here  one 
strives  to  eliminate  most  of  the  interesting  effects  just  described,  but  this  is  not  always 
easy. 
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ABSTRACT 

For  stress,  vibration,  and  acoustic  pressure  sensing 
piesoelectric  and  electrostrictive  ceramic  and  composite 
materials  provide  unusual  versatility.  In  this  talk  the  design 
principles  for  piesoelectric  composites  will  be  briefly 
reviewed  and  the  immense  advantages  possible  in 
ceramic/polymer  composites  highiighud.  Polarisation 
biased  electrostrictive  compositions  are  shewn  to  give 
interesting  swiichable  transduction  capability  both  for 
receiving  and  sending  modee.  In  actnetor  systems,  the 
evaluetion  of  mnltileyer  actuator  materials  will  be  traced 
and  new  possibiliUea  for  ultra  high  strain  materials 
esplomd.  Again,  the  theme  will  be  electric  polerisetion 
control  to  espioit  the  mejor  dimenaion  changes  which  occur 
in  micro-domain  to  macro-domain  and  antiferroelectric  to 
ferroelectric  phase  tranaltiona. 

In  the  compoeim  sysiaaaa.  a  very  logical  extension  of 
current  work  is  to  examine  possible  systems  which  could 
incorporate  both  a  sensor  and  a  responder  in  the  same 
material  together  with  active  solid  state  electionics  coupling 
the  two  elements.  Preliminary  data  is  pieseatsd  for  a 
piezoelectric  senaor/actuator  combination  which  mimics  an 
ultra  soft  material  (five  times  softer  than  rubber)  for  weak 
AC  stress,  but  has  the  properties  of  a  stiff  ceramic,  even 
under  very  high  DC  pressuro. 

Possible  ezicasioas  of  this  concept  to  other  types  of 
’smart  systeme’  am  briefly  reviewed. 

1.  ranoDUcnoN 

Over  the  last  decade  increasing  iaistem  has  been 
evidenced  in  saasor  systems  to  detect  sub-acouatle.  acouaitc. 
and  ultrasonic  waves.  At  the  low  frequency  end  of  the 
spectrum.  Navy  needs  for  ever  more  sensitive  and  larger 

area  sensors  has  pushed  new  developments  in  both  polyomr 
and  eeramic/Rolymcr  composite  systems.  At  higher 
frequencies,  the  electromsdksl  community  has  needs  for 
very  high  receive  sensitivities  so  thm  nltrssonic  stress 
levels  auy  be  kept  well  below  the  threshold  for  tissue 

damage.  In  the  electroowdlcel  field  also,  compoaHes  offer 
significant  advantefe  both  in  receive  and  sending  sMdns. 

For  the  large  sensor  arrays  in  urn  in  both  fields  it .  becomes 
important  to  esplom  simple  ways  of  switching  trsaadncsrs 


both  in  sensitivity  and  in  phase  so  as  to  distinguish  in  one 
case  global  from  local  noise  sources,  and  in  another  case,  to 
do  beam  steering  and  beam  focusing  from  a  static  array 
structure.  Several  different  types  of  electrostrictive  systems 
offer  the  possibility  of  polarization  controlled 
piezoelectricity  with  exceptionally  large  induced 
piezoelectric  d|j  and  coupling  coefficients  kij.  In  several  of 

these  which  will  be  discussed,  the  polarization  has 
remaance  so  that  by  charge  control,  specific  phase  and 
sensitivity  can  b«  induced  and  remains  remnant  over  tong 
periods.  Both  switching  speeds  and  decay  charaner  will  be 
discussed. 

In  actuator  systems  the  potential  application  areas  are 
much  broader,  ranging  from  the  very  simple  'drop  on 
demand*  aetumors  for  ink  jet  printers  to  the  highly 
sophisticated  and  pracise  position  control  actuators  for 
large-area,  surface-deformable  mirrors.  The  demands 
encompass  a  very  wii^  range  of  force/displacement 
requirements  and  widely  different  precisions  and 
reproducibility  needs.  In  (his  paper  the  focus  will  be  upon 
the  materisls  available  and  cbarscteristies  which  can  be 
achieved.  For  large  shape  change  (beyond  0.1%)  it  is 
essentiel  to  begin  to  manipulate  the  spontaneous 
polarization  in  ferroic  crystals.  Several  techniques  for 
encompassing  such  polarismioa  controlled  systems  will  be 
examined.  At  very  high  levels  repeated  switching  of  the 
strain  leads  to  fatigue  and  possible  origia  for  the  fatigue  will 
be  briefly  examined. 

The  swiichable  agile  traasducan  represent  one 
family  of  'smasi*  solids  in  which  the  piesoelactrie  response 
is  under  control  from  the  polarization  sute  induced.  A 
second  type  of  smart  solid  is  a  logical  next  step  in  the 
composite  approach  in  which  both  tensor  and  responder  are 
coupled  in  (he  materials  with  embedded  solid  state  control 
electronics.  To  demonstrate  the  principle  a  piezoelectric 
seaaor/actnetor  combination  which  permiu  the  control  of 
the  elastic  compliance  S3  3  is  examined.  Using  a  negative 

feedback  from  the  tensor,  which  eanaas  the  aetnator  to  shirk 
iu  ibroo  diaaeaalon  under  a  33  ttrem  (X33)  applied  to  the 

tensor,  large  strain  can  be  induced  by  vary  small  stress 
mimicking  the  elastic  property  of  a  very  toft  solid.  In  the 
demonatradon  experiment  discussed,  the  amplification  is 
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such  that  the  compiiaace  S3  3  ia  laifer  than  that  of  a  soft 
rubber  and  is  maintained  over  the  frequency  range  from  10 
to  ISO  Hz.  Since  the  sensor  is  piezoelectric.  DC  pressure  does 
not  give  feedback  and  the  sensor/actuator  stack  just  displays 
the  property  of  a  stiff  ceramic. 


2.  PIBOELECnUC  AND  ELECmOSnUCnVE  SENSORS. 

For  many  sensor  systems  which  are  based  upon  the 
transduction  of  stress  to  electric  signal  using  a  piezoelectric 
solid  it  is  possible  to  develop  a  figure  of  merit  for  the 
materials  parameten  of  the  piezoelectric.  A  typical  example 
would  be  the  figure  of  merit  for  sensing  weak  hydrostatic 
pressure  waves  which  takes  the  simple  form 

P  *  <lhkh^*®  Where: 

F  is  the  figure  of  merit  which  should  be  as  large  as 
possible. 

d||  is  the  hydrostatic  piezoelectric  charge  coefficient, 
gl,  the  hydrostatic  piezoelectric  voltage  coefficient, 
tan  S  the  dielectric  loss  tangent  in  the  piezoelectric. 

For  uniaxial  poled  ferroelectric  crystals  or  ceramics 
or  the  PVF2  copolymer  with  PTFE.  The  non-zero  d  and  g 
constants  are: 

0  0  0  0  di3  0  0  0  0  0  nj  0 

0  0  0  d,3  0  0  0  0  0  1,5  0  0 

<‘31  <*31  <‘33  0  0  0  131  131  133  0  0  0 

Thus  d),  «  d33  2d3 1  g|,  ■  d33  +  2d3  j 

*33 


so  that  F  ■  ^  «  {d33  ♦  2d3i)2 
tan  8  t33  tan  6. 


To  maximize  the  figure  of  merit  it  is  clear  that  one 
would  wish  to  maximize  certain  tensor  components  to 
minimize  others,  and  this  is  true  for  most  sensing 
applications. 

In  a  monolythic  single  phase  material,  the  non-zero 
constanu  are  set  by  the  symmetry  and  their  magnitudes  by 
the  nature  and  arranfements  of  the  constitnent  atoms.  In  a 
composite  however  the  mean  constanu  can  be  modified  by 
the  mutual  arrangement  of  the  components  and  the  fields 
and  fluxes  can  be  steered  to  desired  paths  by  the  self- 
connectivity  of  the  compliant  component.  For  polymer/PZT 
ceramic  composites  the  flux  steering  can  be  panicularly 
effective  since  the  polymer  is  dielectrically  stiff  but 
elastically  compliant,  whilst  the  ceramic  is  just  the 
converse,  i.e..  elutically  stiff  but  dielectrically  highly 
compliant  (fig  1). 
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Fi^  1  Contrasting  dielectric  and  elastic  properties  in  series 
and  parallel  combinations  of  PZT  ceramic  and  a  polymer. 

A  rather  simple  qualitative  way  of  describing 
connectivity  for  a  two  phase  system  is  the  simple  cubes 
model  of  Newnbam  et  aid-  2.  3)  illustrated  in  fig.  2.  The 
proposed  notation  indicates  the  presence  or  absence  of 
connected  area  for  flux  along  any  of  the  three  onhogonal 
axes,  where,  by  convention,  the  piezoelectric  phase  is 
described  first.  Connectivities  which  are  of  most  interest  in 
hydrostatic  stress  senson  are  0:3.  1:3.  and  3:3.  For  actuator 
systems,  the  2:2  connectivity  is  most  important. 


illfferem  connectivity  patterns  of  a  diphuic 


Mtay  different  wiyi  of  fabricating  polymer/ceramic 
traaaducera  using  different  inodes  of  connectivity  have 
been  explored  and  are  illustrated  in  fig.  3,  and  the  son  of 
improvement  in  the  simple  hydrostatic  figure  of  merit  d|,g|| 

which  can  be  obtained  is  demonstrated  in  fig.  4.  which 
compares  a  range  of  two  phase  composites  to  the  best  single 
phase  materials. 


Fig.  3  Examples  of  several  types  of  PZT  polymer  composites 
for  piezoelectric  applications. 

topmsm  OF  d^gi.  OF  VMIQU5  CQM>aSlTES 


Fig  4  Figure  of  merit  d||g||  for  hydrophone  composites 
compared  to  single  phase  materials. 

In  electro-medical  tomography  it  is  often  desirable  to 
use  the  transducer  both  u  a  sender  and  u  a  sensitive  sensor 
of  ultrasonic  waves.  For  this  purpose,  the  1:3  contMctivity 
can  be  significantly  advantageous.  The  problem  hu  been 
discussed  by  Smith  et  al^^)  who  show  that  high  valnss  of  lt(. 

the  piezoelectric  thickness  coupling,  ars  essential.  In  this 
case  the  1:3  connectivity  uncouples  the  nomal  transverse 
clamping  of  d3i  with  consequent  significant  improvement 
of  kt  (fig.  3).  It  it  surpriting  to  note  that  significant 
reduction  in  the  volume  fraction  of  the  active  PZT  phase  in 


fact  enhances  the  kj  and  since  at  the  same  time  this 
improves  the  impedance  match  to  tissue  and  reduces  the 
system  Q,  the  composite  has  significant  advantage. 


Rg  5  a.  1:3  PCT  polymer  composite  transducer. 


volum  anacTioN  csnamic  <%> 

Rg  3  b.  Coupling  coefficient  k(.  acoustic  velocity,  and 
acoustic  impedance  as  a  ftmction  of  volume  fraction  of  tbe 
ceramic  phase. 

Obviously  in  (he  1:3  configuration  tbe  composite  is  an 
array  of  individual  elemental  senders  and  receivers.  If  the 
activity  of  each  sender/receiver  could  be  controlled  in  a 
simple  manner  then  the  array  could  be  used  u  a  phased 
array  with  tbe  possibility  of  beam  forming  and  beam 
scaiming  which  is  inherent  is  such  arrays.  A  step  in  this 
direction  would  be  to  make  each  element  agile(  switchable) 
under  DC  field  control.  In  electrostrictive  ceramics  such  as 
lead  magnesium  niobste  (PbMgi/3Nb2/303)  summarized  u 
PMN  and  in  solid  solutions  with  lead  titanate  (PbTi03) 
summarized  PMN:PT,  the  deformation  field  curve  is  as  in  fig 
6.(5) 
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Rg.  6  Deformition  X3  v$  electiic  field  E3  in  PMN;PT  relaxor 
ferroelectric  eeremic  showing  induced  piezoelectric  d3  3 
compared  to  a  soft  PTT. 


Clewly.  on  this  curve,  the  slope  it  any  point  (8X33/5E)  is  just 
the  piezoelectric  constant  d33.  Three  featuies  a«  of  major 


(1)  Tbe  maximum  slope  which  occurs  for  fields  near 

3.8  kv/cm  gives  more  than  three  times  the  value 

of  a  good  soft  PZT. 

(2)  At  zero  bias  tbe  slope  is  zero  so  that  d33  ■  0. 

(3)  By  reversing  the  biu,  the  sign  of  d33  is  changed 
and  thus  the  phase  of  a  transmitted  or  received  signal  is 
inverted. 

Fig.  6  is  a  near-static  curve  taken  at  1/10  Hz.  but 
meuaretnents  have  now  been  made  over  a  wide  field  range 
and  confirm  that  the  high  values  of  d3  3  persist  to  high 
frequency. In  these  polarization  biased  electrostrictors  it 
is  expected  that  833  -  2  Qn  P3  *33 

found  to  be  in  good  agreement  with  the  measured  d33  values. 

In  the  lead  lanihinum  zirconate  titanate  (PLZT) 
family  it  is  possible  to  find  unusual  electrostrictive  solids 
which  can  be  switched  electrically  into  a  series  of  polar 
states  which  penist  remnantly  down  to  zero  field.  However, 
unlike  simple  ferroelectric  ceramics  these  materials  exhibit 
double  loops  and  can  be  switched  back  to  a  zero  polarization 
state. 


mw  m  im  MBwiiM 


Rg.  7  Strain  vs  field  curves  for  PLZT  compositions  close  to 
the  morpbotropic  phase  boundary  showing  very  high 
induced  piezoelectric  effects. 

Examination  of  the  strain/fieid  curves  (fig.  7)  show 
exceedingly  high  slopes  at  zero  field  yielding  d33  values  up 
to  2.S(X).  Switching  times  in  these  ceramics  are  short  (-1-3  u 
seconds)  and  tbe  remnant  state  set  up  by  a  switchable  pulse 
persists  (fig.  8).l^)  Studies  are  now  under  way  to  explore  the 
high  frequency  behavior  and  the  construction  of  arrays  of 
elements  with  tunable  d  constants. 


Tint  tie«si 

Rg.  8  a.  Remnant  polarization  after  pulse  switching. 
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Rg.  8  b.  Magnitude  of  remnant  strain  as  1  function  of 
switched  charge  Pr. 


3.  ACTUATOR  MATERIALS. 

For  conventional  piezoelectric  actuaton  which  use 
compositions  in  the  lead  zirconate  titanate  (PZT)  family  it  is 
possible  to  establlth  load  lines  (fig.  9)  which  exhibit  the 
trade-off  between  displacement  and  force  for  any  given 
driving  field. 
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Fig.  9  Load  lines  for  PZT  and  PMN:PT  type  piezoelectric 
actuators. 

It  is  evident  that  tbe  transducer  can  generate  very  large 
forces  -30  s  10^  N/m^,  but  only  rather  small  displacemenu  - 
10  |im/6m  for  field  levels  of  the  order  20  kv/cm.  To  avoid 
high  terminal  voltages  it  is  necessary  to  make  the  actuator 
very  »*»»"  i.e..  E  ■  V/d.  so  that  to  keep  V  tractable  d  must  be 
made  very  small,  and  the  actuator  made  up  from  a  stack  of 
electroded  sheets  (fig.  10). 


Fig.  10  a.  Typical  stacked  single  shc«  actuator. 

b.  Capacitor  type  structure. 

c.  Actuator  structure. 


In  some  actuators  the  stack  is  usembled  from 
individual  sheets  which  must  be  lapped  and  polished  and 
electroded  before  assembly.  Mora  recently  the  techniques 
used  by  the  multilsycr  ceramic  capacitor  houses  are  being 
adapted  to  produce  tape  cut  sheeu  of  green  ceramic  which 
can  be  co>fircd  with  integral  electrode  structures. 


Fig.  II  Effect  of  dead  space  in  capacitor  type  structure  upon 
actuator  performance. 


Electrode  pickup  is  more  complex  in  these  actuator 
structures  than  in  the  simple  MLC  (fig. II)  u  the  dead  space 
which  can  be  used  in  the  capacitor  leads  to  large  unwanted 
sheu  stKU  concentrations  and  consequent  failure.  For  the 
stacked  utuator  a  number  of  different  inethods  have  been 
uud  to  provide  strain  ampiification.  A  simpie  lever  system 
used  by  Nippon  Electric  Company  in  their  dot  matrix  printer 
is  delineated  in  fig.  12. 


Fig.  12  Strain  amplifier  used  in  the  NEC  actuator  for  a  dot 
matrix  printer. 

For  the  simple  piezoelectric  or  elecirostrictive 
actuator  strain  levels  are  limited  to  order  10'3.  if,  howevir, 
one  looks  at  the  spontaneous  strains  which  occur  at  the 
phase  change  into  the  ferroelectric  state,  i.e.,  strains 
induced  by  P|,  the  spontaneous  polarization,  they  reach  up 

to  more  than  10%  in  tome  systems.  It  may  be  argued  from 
simple  fracture  mechanics  that  strains  of  order  0.1%  would 
be  the  upper  limit  for  brittle  solids  like  the  ceramic 
actuatora.  however,  it  must  be  remembered  that  unlike  the 
normal  fracture  mechanics  situation,  the  electro-eiastic 
strains  are  generated  at  ZERO  STRESS  by  ioteroal  body 
forces.  Thus  if  the  poiarization  change  can  be  engineered  to 
be  coatinnaua  and  homogeneous  there  it  no  intrinsic  reason 
that  larger  strains  should  not  be  engendered. 
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Polarizatioa  cliu|e  mecbaaismt  which  could  be  used 
in  ferroelectric  crystels  tnd  ceramics  to  control 
electrostrictive  strain  are  delineated  in  Table  1  in 
increasing  order  of  the  polarization  change,  and  thus  of  the 
induced  strain. 
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Table  I  Polarization  change  mechanisms  which  can  be  used 
to  control  electrostrictive  strain. 

The  type  B  which  uses  the  induced  polarization  change  in  a 
relaxor  ferroelectric  like  PMN:PT  is  now  widely  used  in 
optical  systems  such  as  surface  deformable  mirrors^  ^ ) 
where  the  stable  zero  field  dimensions  and  very  low  thermal 
expansion  are  critical  and  make  up  for  the  complexity  of  a 
non-linear  strain  vs  field  relation.  The  conventional  poled 
piezoceramic  (type  C)  is  certainly  the  moat  widely  used  in 

actuators,  with  many  companies  using  proprietary  soft  Pk.T 
compositions  or  PMN:FT  with  enough  lead  titanate  to  induce 
the  (eiToeleciric  phue.  The  disadvantage  for  such  materials 
is  that  slow  aging  associated  with  internal  re-arrangement 
of  the  poled  domain  structure  leads  to  a  continuous  drift  of 
dimensions  so  that  servo-control  is  essential  if  these 
actuators  are  to  be  used  in  precise  position  control. 

Recent  studies^^’ have  focused  upon  micro  to 
macro  domain  polarization  change  in  PLZT  compositions, 
and  upon  antiferroelectric  to  ferroelectric  phase  change  in 
lead  zirconate  titanate  stannate  (PLSnZT)  compositions. 


Table  2  Maximum  longitudinal  xi  and  transverse  xt  strains 
for  a  family  of  PLZT  ceramics  with  compositions  close  to  the 
MPB. 

In  table  2.  maximum  strain  realizable  for  a  range  of  PLZT 
compositions  are  given.  For  these  compositions  the  strain  is 
polarization  controlled  so  that  charge  control  rather  than 
fleld  control  must  be  used.  The  actuator  however  has  the 
advantage  that  the  strain  state  can  be  set  by  a  very  shon 
current  pulse  which  will  bring  the  actuator  to  a  precise 
position  where  it  will  remain  in  a  remnant  state  until 
updated  by  another  positive  or  negative  current  pulse.  For 
large  systems  then,  a  whole  bank  of  actuators  could  be 
serviced  by  one  power  supply  in  a  'dial-a-displacement* 
mode. 

For  antiferroelectric  to  ferroelectric  switching,  the 
major  advantage  is  that  the  induced  strain  is  primarily  a 
volume  strain  which  is  far  less  disruptive  than  the 
predominantly  shear  strains  of  the  straight  electrostriction. 
Compositions  which  have  been  examined  in  the  modified 
PZSnT  family  are  documented  in  table  3, 
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Table  3  Compoaitions  in  (he  PSnZT  family  examined  for 
antiferroeiectric  to  ferroelectric  switching. 


their  induced  polarization  changes  are  sketched  in  fig.  13 
and  the  associated  strain  in  one  composition  is  shown  in  fig. 
14.  Strain  levels  up  to  0.8%  can  be  achieved  in  the 

antiferroelectric:ferroelectric  switching  but  the  electric 
fields  requited  are  high. 
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Fig.  13  Schematic  of  the  types  of  bysteresic  behavior 
observ^  for  the  compositions  delineated  in  Table  3  and  their 
approximate  location  on  the  phase  diagram. 


Table  4  Strain  levels  and  switching  fields  for  the 
compositions  in  the  PSnZT  system  given  in  Table  3. 

For  actuator  applications  these  compositions  will  be  of  most 
interest  in  pumping  and  in  injection  applications  such  u 
ink  jet  printing,  diesel  engine  controi,  fuel  injection,  etc., 
and  for  actuating  hydraulic  control  systems  and  hydrauiic 
amplifiers. 


Fig.  14  Dielectric  hysteresis  and  normalized  transverse 
strain  u  a  function  of  the  number  of  switching  crysuls  in  a 
PSnZt  composition. 

4.  SMART  MAT^IALS 

In  this  paper,  the  term  smart  material  is  used  to 
delineate  a  material  or  composite  in  which  the  response 
function  of  the  material  can  be  controlled  either  in 
response  to  the  environment  or  by  some  externally  applied 

signal.  On  thU  definition,  it  is  clear  that  the  PMN:PT  relaxor 
ferroelectric  described  in  section  2  is  smart  in  the  sense  that 
its  piezoelectric  response  either  for  sensing  or  for  sending 
ultrasonic  pulses  can  be  controlled  by  an  externally  applied 


biu  field,  with  the  reepoeie  being  field  tuneable  both  as  to 
phase  and  amplitude. 

More  generally,  the  type  of  material  envisaged  is  a 
composite  which  encompasses  a  sensing  element,  a  compact 
solid  state  electronics  package,  and  a  responder  element. 
Thus,  the  material  itself  is  really  an  adaptive  control  system 
in  which  the  "smart  function”  is  primarily  the 
responsibility  of  the  electronic  package  which  controls  the 
response  to  signals  incident  upon  the  sensor.  A  particular 
example  which  has  been  the  subject  of  research  in  our 
laboratory  is  a  piezoelectric  sensor/piezoelectric  actuator 
combination  (fig.  15)  interconnected  by  a  small  (millwatt) 
linear  amplifier. 


Fig.  15  Schematic  diagram  of  the  sensor/actuator 
combination  for  an  elastic  compliance  control  composite. 

The  objective  of  the  exercise  is  to  develop  a  combination  of 
staff  pressure  insensitive  materisis  which  could  mimic  a 
highly  compliant  rubber  for  very  small  AC  stress,  i.e..  a 
system  with  very  large  compliance  S3  3. 

Conceptually,  the  combination  is  particularly  simple, 
but  effectively  illustrates  the  more  general  principle.  For  a 
small  AC  stress,  the  piezo-sensor  detects  an  AC  voltage  which 
is  amplified  and  applied  to  the  actuator  in  such  a  sense  that 
when  the  stress  is  increasing  the  actuator  is  shrinking  its 
three-axis  dimension.  For  a  suitable  gain  then,  a  small 
positive  stress  gives  rise  to  a  large  positive  strain,  thus 
mimicking  a  highly  compliant  solid. 

To  test  the  concept,  two  identical  sensor/actuator 
combinations  were  fabricated  and  mounted  in  a  rigid  jjg 

(fig  16). 


Fig.  16  Test  structure  for  the  elastic  compliance  control 
composite. 

The  coupling  between  the  two  being  via  a  soft  rubber 
gasket.  The  upper  actuator  is  driven  by  an  AC  signal  to 
produce  a  reciprocating  stress  wave.  The  upper  sensor 
determines  the  stress  level  whilst  the  lower  combination 
provides  compliance  control.  With  the  amplifier  switched 
off,  the  stress  level  monitored  by  the  upper  sensor  is  set  by 
the  soft  rubber  which  is  the  most  compliant  element  in  the 
system.  However,  when  the  lower  amplifier  is  turned  up  the 
sensor  reading  drops  at  maximum  gain  by  a  factor  of  more 
than  five,  indicating  that  the  compliant  stack  is  now  more 
than  five  times  softer  than  the  rubber  (fig.  17). 


Fig.  17  Stress  levels  recorded  in  the  pressure  sensor  of  fig.  16 
with  and  without  feedback. 

The  tuned  source  could  be  moved  over  the  range  from 
10  Hz  to  150  Hz  which  was  the  psssband  of  the  feedback 
amplifier  without  changing  the  effective  enhanced 
compliance. 

Preliminary  lesu  show  that  the  high  compliance  is 
maintained  over  the  frequency  range  from  10  Hz  to  150  Hz. 
limited  by  the  pass  band  of  the  amplifier  used.  Clearly  since 
the  sensor  is  a  piezoelectric  ceramic,  it  does  not  respond  to 
DC  pressure,  and  the  stack  behaves  as  a  normal  rigid  ceramic 
under  DC  loading. 

From  this  simple  experiment  it  is  natural  to  speculate 
as  to  the  possibility  of  more  refined  compliance  control,  for 
example  in  fig.  18,  the  possibility  of  using  a  non-linear 
amplifier  to  give  non-linear  elutic  response  (fig.  18b)  or  a 
tuned  amplifier  to  give  high  compliance  at  a  single 
frequency(fig.  18c)  or  a  phase  shifting  amplifier  to  raise 
the  imaginary  pan  of  the  compliance  (fig.  18d). 
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Fig.  18  a.  Elastic  response  for  a  linear  feedback  amplifier. 

b.  Response  for  a  non-linear  limiting  amplifier. 

c.  Response  for  a  tuned  amplifier. 

d.  Response  for  a  phase  shifting  amplifier. 


The  target  for  these  initial  studies  was  the  problem  of 
providing  high  compliance  under  deep  submergence 
conditions  for  Navy  systems,  however,  possibilities  for 

control  of  vibration  transmission  from  heavy  rotating 
machinery  and  from  other  active  sources  will  certainly  be 
interesting. 

Perhaps,  however,  the  most  important  feature  is  the 
demonstration  of  what  could  be  a  much  wider  application  to 
other  smart  systems  using  different  combinations  of  sensor 
and  responder  components. 

5.  CONCLUSIONS. 

In  tbis  paper  an  attempt  is  made  to  summarize  the 
status  of  development  of  composite  materials  for 
piezoelectric  sensors  and  to  point  up  new  possible  agile 
systems  which  can  be  developed  using  bias  field  control  of 
the  piezoelectric  response  in  relaaor  ferroelectric 
compositions  in  the  PMN:PT  and  in  the  PLZT  family 

materials.  For  actuator  applications,  conventional 
electrostrictive  and  piezoelectric  mnlUlayer  actuators  are 
discussed  and  the  advanuges  and  limitations  of  each  family 
delineated.  Work  upon  new  high  strain  material  systems 
which  use  control  of  field  induced  phase  transitions  to 
provide  much  larger  switchable  strains  are  briefly 


described.  A  logical  extension  of  the  composite  work  is  the 
evolution  of  families  of  "smart*  materials  which  incorporate 
sensor  and  responder  functions  together  with  solid  state 
interconnect  electronics  into  the  material.  To  illustrate  the 
principle  a  simple  piezosensor/piezoactuator  system  for 
active  elastic  compliance  control  is  briefly  discussed.  With 
this  combination  it  is  possible  to  mimic  the  AC  performance 
of  a  very  soft  rubber  whilst  maintaining  the  load  bearing 
capability  of  a  stiff  ceramic. 
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SMART  CERAMICS 
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Recent  prtigress  in  the  integration  and  miniaturization  of  eicciroceramic  conponcnls  has  led  to  the 
develupincnt  ul  niullipurpuse  elecirunic  packages  containing  complex  three-dimensional  circuitry.  At 
the  same  lime,  a  wide  variety  ol  sensors,  transducers,  and  actuators  have  been  labricaled  tor  automotive, 
military,  and  consumer  electronics  applications.  By  bringing  together  the  ceramic  sensors  and  ceramic 
.ictualurs  in  multilayer  packages,  a  new  generation  of  smart  ceramics  can  be  developed. 


INTRODUCTION 

Webster's  dictionary  gives  several  definitions  for  the  word  SMART,  including  "to 
feel  mental  distress  or  irritation",  "alert,  clever,  capable",  and  "stylish”.  All  three 
meanings  arc  appropriate  to  the  currently  fashionable  subject.  "Smart  Materials" 
It  causes  one  mental  distress  to  think  a  ceramic  can  in  any  way  be  smart  but  with 
the  help  of  a  feedback  system  it  is  possible. 

The  Piezoelectric  Pachinko  machine  illustrates  the  principle  of  a  smart  material. 
Paehinko  Parlors  with  hundreds  of  vertical  pinball  machines  are  very  popular  in 
Japan.  The  PiezcKlectric  Pachinko  game  constructed  by  engineers  at  NipponDcnso 
is  made  from  PZT  multilayer  stacks  which  act  as  both  sensors  and  actuators.  When 
a  ball  falls  on  the  stack  the  force  of  impact  generates  a  piezoelectric  voltage.  Acting 
through  a  leedback  system,  the  voltage  pulse  triggers  a  response  from  the  actuator 
stack.  The  .tack  expands  rapidly  throwing  the  ba'I  out  of  the  hole,  and  the  ball 
moves  up  :  spiral  ramp  during  a  sequence  of  suen  events.  Eventually  it  falls  into 
a  hole  and  begins  the  spiral  climb  all  over  again. 

The  video  tape  head  positioner  operates  on  a  similar  principle.  A  bilaminate 
bender  maue  from  tape-cast  PZT  ceramic  has  a  segmented  electrode  pattern  di¬ 
viding  the  sensing  and  actuating  functions  of  the  positioner.  The  voltage  across  the 
sensing  elc  .trodc  is  processed  through  the  feedback  system  resulting  in  a  voltage 
acros.s  the  positioning  electrodes.  This  causes  the  cantilevered  bimorph  to  bend, 
following  the  video  tape  track  path.  Aniculated  sensing  and  positioning  electrodes 
near  the  tape  head  help  keep  the  head  perpendicular  to  the  track.  The  automatic 
scan  trackihg  system  operates  at  4SU  Hz. 

These  tw  >  examples  illustrate  how  a  smart  ceramic  operates.  A  smart  material 
senses  a  chanffe  in  the  environment,  and  using  a  feedback  system,  makes  a  useful 
response.  It  is  both  a  sensor  and  an  actuator. 

The  definition  can  be  extended  to  even  more  clever  materials.  A  very  smart 
material  senses  a  change  in  the  enviromeni  and  responds  by  changing  one  or  more 
of  iu  properly  coefficients.  Such  a  material  can  "tune"  its  sensor  and  actuator  func¬ 
tions  in  lime  and  .space  to  optimize  behavior.  The  distinction  between  smart  and 
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very  smart  materials  is  essentially  one  between  linear  and  nonlinear  properties. 
The  physical  properties  of  nonlinear  materials  can  be  adjusted  by  bias  fields  or 
forces  to  control  response. 

The  difference  between  a  smart  and  a  very  smart  material  can  be  illustrated  with 
piezoelectric  and  electrostrictive  ceramics.  A  plot  of  strain  as  a  function  of  electric 
field  lor  lead  zirconate  titanatc  (PZT)  and  lead  magnesium  niobate  (PMN)  ceramics 
is  shown  in  ( Figure  1 ).  PZT  is  a  piezoelectric  ceramic  in  which  ferroelectric  domains 
arc  aligned  in  a  poling  field.  Strain  is  linearly  proportional  to  electric  field  in  a 
piezoelectric  material  which  means  that  the  piezoelectric  coefficient  is  a  constant 
and  cannot  be  electrically  tuned  with  a  bias  field. 

PMN  is  not  piezoelectric  at  room  temperature  because  its  Curie  temperature  lies 
near  U°C.  Because  of  the  proximity  of  the  ferroelectric  phase  transformation,  how¬ 
ever.  PMN  ceramics  exhibit  very  large  electrostrictive  effects.  As  a  result  a  large 
nonlinear  relationship  between  strain  and  electric  field  is  observed  (Figure  1). 
Electromechanical  strains  comparable  to  PZT  can  be  obtained  with  electrostrictive 
ceramics  like  PMN,  and  without  the  troubling  hysterctic  behavior  shown  by  fer¬ 
roelectric  PZT.  The  nonlinear  relation  between  strain  and  electric  field  can  be  used 
to  tunc  the  piezoelectric  coefficient.  The  piezoelectric  da  coefficient  is  the  slope 
of  strain — electric  field  curve.  Us  value  for  PMN  is  zero  at  zero  field  and  increases 
to  a  maximum  value  of  ISUU  pC/N  (about  three  times  larger  than  PZT)  under  a 
bias  field  of  3.7  kv/cm  (Figure  1). 


/ 

/ 

FIGURE  I  Eluciruawchan^  coupling  in  clectroMrictive  (PMN-PT)  and  piezoelectric  (PZT)  ce- 
ruinics. 
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There  is  another  type  of  very  smart  material  which  makes  use  of  a  phase  change. 
Transducers  made  from  certain  compositions  in  PbZrOs-PbTiOs-PbSnO,  ternary 
system  display  electrically  induced  transformations  from  an  antiferroelectrie  phase 
to  a  ferroelectric  phase. 

The  ferroelectric  phase  is  favored  under  high  electric  fields  because  of  its  large 
spontaneous  polarization.  The  phase  change  is  accompanied  by  strain  changes  of 
10  '  which  are  very  large  for  a  ceramic.  Dielectric  and  mechanical  hysteresis  loops 
are  shown  in  Figure  2.  Bistable  behavior  cun  be  achieved  by  working  with  phase 
change  materials. 

Eventually,  of  course,  we  would  like  to  include  a  feedback  system  within  a  smart 
ceramic,  but  there  seems  to  be  no  simple  way  to  do  this  at  present.  The  integrated 
ceramic  circuitry  being  developed  in  the  Penn  State  Dielectric  Center  may  provide 
a  method  of  doing  this  in  the  future.  Another  approach  is  to  deposit  ceramic  films 
on  silicon  chips.  Limited  success  has  been  achieved  with  lead  titanate  and  lead 
zirconate-titanatc  films  on  silicon  for  long>term  ferroelectric  random  access  mem¬ 
ories  (FRAM).  By  utilizing  these  ferroelectric  films  as  sensors  and  actuators,  a 
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FIGURE  3  Elevtriciil  and  electrumevhiinicil  hysteresis  in  (Zr„  ..Ti,,  ,]Sn„  ,.)0,  ceramics 

with  aniirerroi;lectrK;-lerruvlei;irH;  phase  change. 
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family  of  extremely  intelligent  materials  could  be  obtained  in  which  the  feedback 
electronics  could  be  fully  integrated  in  the  material.  The  time  is  not  far  off  for  such 
intelligent  composites. 


Ceramic  Sensors  and  Actuators 

More  than  thirty  electroceramic  sensors  are  used  in  recent  automobile  models.  The 
1987  Nissan  Cedric  has  PZT  piezoelectric  knock  sensors,  barium  titanute  raindrop 
sensors,  NTC  thermistors  for  sensing  the  temperature  of  cooling  water  and  exhaust 
gas,  zircunia  air/fuel  oxygen  sensors,  zinc  oxide  blower  motor  varistors,  aluminum 
phosphate  dew  point  sensors,  and  more  than  twenty  other  ceramics  with  an  elec¬ 
trical  function.  As  shown  in  Table  1,  these  sensors  involve  several  different  physical 
principles.  Many  of  these  are  part  of  smart  systems  but  have  yet  to  be  utilized  us 
smart  or  very  smart  materials  because  they  have  not  been  used  as  actuators  or 
responders. 

When  considering  actuators,  the  piezoelectric  devices  listed  in  Table  II  come  to 
mind.  Under  electric  excitation  the  piezoelectric  material  changes  shape,  causing 
the  adjacent  material  to  move,  whether  it  be  solid,  liquid  or  gas. 

This  is  the  physical  principle  of  speakers,  ink  jets,  and  micropositioners.  But  the 
word  actuator  can  be  used  in  a  more  general  sense  to  include  other  types  of  response 
such  as  display,  signal  transmission,  magnetic  or  electric  field  modification,  and 


TABLE  I 
Ceramic  Sensors 


Sensor  Type 

Chemical 

Composition 

Active  Property 

Oxygen 

Zr,  .Ca,0.  , 

Bulk  Ionic  Conductivity 

Humidity 

MgCr.O.-TiO. 

Surface  Ionic  Conductivity 

Acidity 

IrO... 

.Surface  Chemical  Reaction 

Pressure 

PbZr,..Ti.O, 

Piczoeleciriciiy 

Temperature 

Pb  Zr,..ri.O, 

Pyrtieleciriciiy 

Voltage 

ZnO-Bi,0, 

Grain  Boundary  Tunneling 

PTC  Thermistor 

Ba,..Ce,TtO, 

Crain  Boundary  Transition 

NTC  Thermistor 

Fe...Ti.O, 

Bulk  Electronic  Conductivity 

CT  Thermistor 

VO, 

Electronic  Phase  Transtormalion 

Chemical 

ZnO-CuO 

Surface  EIccirunic  Conductivity 

Optical 

CdS 

Photoresistanc'e 

TABLE  II 

Acluacor  Applications 


Tracking  Optical  anti  Magnetic  Hcaiis 
Drivers  for  Relays  anti  Switches 
Wire-Dot  Printers  and  Via  PuikIics 
Fuel  Injection  Valves 
Adaptive  Optic  Systems 

Micropositiuncrs  lor  Rutxiis  and  Machine  Tools 
Cone  Vibrators  for  Speakers 
Fans  and  Conaad  Air  Movers 
Ink  Jet  Printen 
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thermul  control.  Hundreds  of  possible  sensor>actuator  combinations  are  possible 
when  a  matrix  of  electrical,  mechanical,  magnetic,  optical  and  thermal  phenomena 
is  considered.  In  the  following  section  we  describe  a  few  possible  applications  of 
smart  materials  to  underseas  systems.  Electromechanical  actuators  for  compliant 
walls  or  ink  jet  configurations  capable  of  injecting  polymers,  microbubbles  or 
pressure  bursts  appear  to  be  of  special  interest  for  reducing  turbulence  in  the 
boundary  layer. 


Controlled  Compliance  Experiments 

Smart  materials  capable  of  responding  to  pressure  or  temperature  changes  are 
expected  to  have  several  interesting  industrial  and  military  applications.  A  “smart 
skin”  which  can  reduce  flow  noise  and  streamline  the  flow  of  moving  liquids  is  of 
special  interest  in  chemical  engineering  and  oceanographic  applications.  Such  a 
skin  might  consist  of  a  piezoelectric  sensor  together  with  an  electronic  feedback 
system  and  an  electrostrictive  or  a  piezoelectric  actuator  designed  to  counteract 
turbulence  (Figure  3). 

In  a  demonstration  experiment  we  have  shown  that  for  external  pressure  fluc¬ 
tuations,  the  smart  material  can  become  more  compliant  than  the  medium  in  which 
the  pressure  variations  take  place.  This  has  the  direct  consequence  of  reducing 
acoustic  reflection  from  the  surface  of  the  smart  material. 

In  our  test  experiment  (Figure  4),  one  actuator  is  used  as  a  driver  (noise  source), 
and  the  other  as  the  responder.  PZT  disks  are  used  as  the  actuator  elements. 
Sandwiched  between  the  two  actuators  are  two  sensors  and  a  layer  of  rubber.  The 
upper  actuator  is  driven  at  a  frequency  of  lOU  Hz  and  the  vibrations  are  monitored 
with  the  upper  sensor.  The  pressure  wave  emanating  from  the  driver  pusses  through 
the  upper  sensor  and  the  rubber  separator  and  impinges  on  the  lower  sensor.  The 
resulting  signal  is  amplified  using  a  low  noise  amplifier  and  fed  back  through  a 
phase  shifter  to  the  lower  actuator  to  control  the  compliance. 

A  smart  sensor-actuator  system  can  mimic  a  very  stiff  solid  or  a  very  compliant 
rubber.  This  can  be  done  while  retaining  great  strength  under  static  loading,  making 
the  smart  material  especially  attractive  for  underseas  applications. 

To  illustrate  compliance  control,  consider  the  case  of  a  positive  pressure  pulse 
incident  on  the  lower  sensor  of  the  test  experiment  (Figure  4).  The  sudden  increase 


FIGURE  J  Smart  piezoceramic  maieniil  for  supporting  smart  skin. 
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FIGURE  4  Test  cxperimeni  for  evaluaiiog  sman  nuiehals  with  coniioiled  compliaiice. 


in  pressure  results  in  a  voltage  pulse  being  fed  to  the  amplifier  and  lower  actuator. 
If  Che  phase  of  the  feedback  is  such  that  the  actuator  expands  in  length  then  the 
sensors  will  be  further  compressed,  leading  to  amplified  oscillations.  Under  these 
conditions  the  responding  actuator  is  acting  like  a  very  stiff  material  since  its  motion 
prevents  compression  by  the  positive  pressure  pulse. 

On  the  other  hand,  if  the  phase  of  the  feedback  voltage  is  adjusted  to  cause  the 
responder  to  contract  in  length  rather  than  expand,  then  the  smart  material  mimics 
a  very  soft,  compliant  substance.  This  reduces  the  force  on  the  sensors  and  partially 
eliminates  the  reflected  signal.  The  reduction  in  output  signal  of  the  upper  sensor 
is  a  measure  of  the  effectiveness  of  the  feedback  system.  As  shown  in  Figure  S, 
we  can  reduce  the  compliance  of  our  aauator-sensor  material  by  a  factor  of  six 
compared  to  rubber. 


Sman  Composiie-Composites 

No  single  piezoelectric  material  possesses  the  optimum  properties  for  send-receive 
transducers,  and  the  statement  is  probably  true  for  sensor-actuator  devices  as  well. 
Putting  together  the  best  sensor  with  the  best  responder  makes  a  lot  of  sense. 
During  the  past  year  we  have  been  experimenting  with  the  send-receive  transducer 
shown  in  Figure  6.  It  is  a  four-layer  device  consisting  of  a  polyvinylidene  fluoride 
piezopolymer,  a  3-3  fried  PZT-polymer  composite,  a  poled  PZT  ceramic,  and  a 
U-3  tungsten-polymer  backing  layer.  In  conneaivity  notation  the  transducer  can  be 
described  as  2-2(3-3)-2-2(0-3).  Metal  electrodes  are  inserted  between  all  four  layers 
to  give  control  over  the  three  piezoelectric  layers. 

There  are  several  interesting  propenies  of  this  transducer.  The  acoustic  imped¬ 
ances  are  graded  from  the  stiff  PZT  ceramic  to  the  PZT  composite  to  the  compliant 
PVDF  polymer.  This  eliminates  much  of  the  reflection  loss  in  transmitting  ultra¬ 
sound  from  PZT  to  water.  A  second  possible  advanuge  is  in  interrogating  the 
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FIGURE  S  Reduced  subsonic  rcfleciunce  from  smart  piezoceramic  experiment  in  Figure  4. 


COMPOSITE 

SACKINO 

FIGURE  6  Compodle-compusile  transducer  for  send-receive  sonar  transmission. 

outgoing  signal  and  comparing  it  to  the  return  signal.  With  the  PZT  as  transmitter 
and  the  composite  and  polyvinylidene  fluoride  layers  as  sensors,  the  outgoing  beam 
can  be  sampled  as  it  leaves  the  ceramic.  Since  no  two  transmissions  are  identical, 
it  is  important  to  monitor  the  outgoing  signal  in  order  to  calibrate  the  intensity 
and  frequency  spectrum  of  the  return  signal. 

Based  on  the  physical  properties  of  the  constituent  materials,  the  equivalent 
circuit  of  the  trilaminate  composite  transducer  has  been  established.  The  frequency 
response  of  transmitting,  receiving  and  voltage  transition  gain  for  different  layers 
and  their  hybrid  connection  have  been  computed  and  compared  with  the  experi¬ 
mental  results.  The  frequency  response  of  the  composite  transducer  is  considerably 
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improved  by  changing  the  connecting  modes  between  the  layers.  Experimental 
results  show  that  ditferent  layers  make  different  contributions  to  the  frequency 
dependence  of  the  sensitivity.  The  transducer  impedance,  sensitivity  and  bandwidth 
can  be  adjusted  according  to  the  application. 


CONCLUSION 

During  the  next  decade,  we  can  expect  to  see  a  large  number  of  smart  ceramic 
devices  combining  ceramic  sensors  and  actuators  in  multicomponent  multifunction 
packages.  Through  feedback  systems,  these  devices  will  be  capable  of  responding 
to  changes  in  the  environment  by  means  of  linear  and  nonlinear  actuators. 
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A  sensitive  double  beam  laser  interferometer  for  studying  high-frequency 
piezoelectric  and  electrostrictive  strains 

W.Y.  PanandLE.  Croaa 

MaurittbRtstarth  Laboratory.  ThtPenitsyiuaniaSiat*  Uniotrxity,  Univtrtity  Park.  Pennsyloaiiia  16802 
(Received  UFebniary  1989;  accepted  for  publication  17  April  1989) 

A  double  beam  laser  interferometer  is  built  up  to  study  high-frequency  piezoelectric  and 
electrostrictive  strains.  The  system  is  capable  of  resolving  a  displacement  of  10~  ’  A  using  lock-in 
detection  and  measuring  the  strain  all  the  way  to  the  piezoelectric  resonance  frequencies  using  a 
digital  oscilloscope  for  detection.  The  interference  of  sample  bending  to  the  detected  signal  is 
effectively  avoid^. 


INTRODUCTION 


The  study  of  piezoelectric  and  electrostrictive  properties  of 
materials  invt^ves  the  measurement  of  strain  induced  by  thn 
external  driving  forces.  There  are  several  methods  arhadi  aie 
used  to  measure  the  strains  preciaely.  Among  these  I 
the  laser  interferometer  technique  is  the  most ) 

More  recently,  a  laser  interferometer  was  built  in  a'us  I 
tory  which  is  capable  of  resolving  an  ac  electric  held  mdMii 
displacement  of  the  order  of  10~’  However,  than  an 
still  two  drawbacks  anth  this  system-  First,  the  drivhi( 
quency  of  the  electric  field  is  limited  to  about  1  kHz,  show 
which  the  “back  motion”  signiflcandy  reduces  the  >***«■•*»« 
displacement  In  this  technique,  only  one  of  the  two  sanqile 
major  surfKes  is  facing  the  probing  laser  beam,  while  the 
other  is  bonded  to  a  sample  holder.  Under  the  ac  driving 
electric  field,  the  sample  deforms  repeatedly  due  to  the  pie¬ 
zoelectric  and  electro^ctive  effects.  As  a  result,  the  center 
of  mass  of  the  sample  oscillates  along  the  directioo  of  the 
beam.  Under  high  driving  frequencies,  the  force  needed  to 
support  the  sample  is  so  large  that  the  bonding  material  is 
not  rigid  enough  to  prevent  the  sample  from  moving  against 
the  bonding  material  If  this  occurs,  the  displacement  detect¬ 
ed  is  less  than  the  total  displacement  Using  a  more  rigid 
bonding  material  is  not  a  good  solutioa  because  it  tends  to 
produce  clamping  in  the  transverse  directioa  The  second 
drawback  is  that  a  bending  effect  may  occur  if  the  sample  is 
not  properly  bonded,  causing  the  detected  displacenient  that 
is  significantly  larger  than  the  displaoement  due  to  the  defor¬ 
mation  of  the  sample.  Thus,  a  ftirther  improvement  to  over¬ 
come  these  drawbacks  is  necessary. 

The  basic  principle  of  the  laser  interferometer  is  that  for 
a  monochromatic  light  of  wavelength  A  interfering  with  a 
reference  beam,  the  interference  light  intensity  at  a  detection 
point  is 

I » I,  + 1,  +  ct»i4vbJ  M),  (1) 

where  is  the  light  intensity  for  the  probing  beam,  where 
the  sample  is  placed,  and /,  is  the  light  intensity  for  the  refer¬ 
ence  beam,  respectively,  and  AJ  is  the  optical  path-length 
difference  betwm  the  two  beams.  For  ooavenienoe,Eq.  (1) 
can  be  rewritten  as 

/-  \/2a^  -/««)coe(4irAd//l). 

(2) 


axhnnm  and  minimum  inter- 
can  be  measured  from  the  in- 
itly. 

below  adoptt  the  ac  signal 
MUT  maim  the  earlier  woiit.*  The  change 
.#  Nmi  the  motions  of  the  two  sample 
lultaneously.  The  system  is 
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the  displacement  is  greater  than 
damami  aaint  a  high  bandwidth  oscilloscope, 
he  peopaeiy  measured  ail  the  way  to  the  piezoe- 
The  mierference  of  the  sample 
to  the  detected  signal  is  effectively  avoidetl 


I.  DOUBLE  BEAM  AC  STRAIN  MEASURING  SYSTEM 
A,  OptlGM  ayntnm 

The  schematic  drawing  of  the  double  beam  laser  inter¬ 
ferometer  as  well  as  the  electronic  system  is  shown  in  Fig.  1 . 
The  incident  laser  beam  is  split  into  two  beams  by  PBSl 
(PBS:  polarized  beam  splitter).  The  beam  polarized  verti¬ 
cally  is  reflected  to  the  reference  arm  and  that  polarized  hori¬ 
zontally  is  transmitted  into  the  probing  arm.  The  laser  used 
here  is  a  polarized  laser  with  a  routable  plane  of  polarization 
(Spectra-Physics  Stabiliu^ ,  Model  124  A  Helium-Neon 
laser).  Since  the  light  intensity  loss  in  the  probing  arm  is 
much  greater  than  that  in  the  reference  arm,  the  plane  of  the 
polarization  of  the  laser  is  routed  to  increase  the  intensity  of 
the  beam  entering  into  the  probing  arm  until  the  two  beams 
are  equally  intense  at  the  detection  plane.  The  visibility  of 
the  interference.  (/*„  -  /«, )/(/,«,  +  fn*. ).  i*  improved 
this  way.  In  the  probing  arm,  the  beam  first  hits  the  sample 
surfbee,  then  bounces  back  with  the  plane  of  polarization 
routed  by  the  quarter  wave  plate  to  the  vertical  direction. 
Therefore  the  beam  is  totally  reflected  by  PBSl,  two  reflect¬ 
ing  minors,  and  PBS2  to  hit  the  sample  surface  at  the  same 
point  but  firom  the  other  side.  The  bem  bounced  back  from 
the  second  sample  surface  is  horizontally  polarized  and  thus 
transmits  through  the  PBS2  without  reflection.  In  the  refer¬ 
ence  arm,  the  beam  is  first  completely  reflected  by  PBS3  into 
the  reference  minor,  the  reflected  beam  transmitt  through 
PBS3  and  joins  the  probing  beam  in  the  beam  splitter.  The 
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Fic  1 .  Scbematic  drawini  of  the  double  been  beer  uiieiferoineter. 


two  beams  both  polarized  horizontally  are  recombined  by 
the  neutral  beam  splitter. 

In  the  positioning  of  optical  componenu.  it  is  very  im¬ 
portant  to  keep  the  optical  path-length  difference  between 
the  probing  arm  and  the  reference  arm  as  small  as  possible. 
Because  of  the  great  reflection  and  transmission  loss  of  the 
beam  intensity,  especially  in  the  probing  arm.  a  laser  with 
power  larger  than  10  mW  is  necessary.  For  a  multimode 
User  with  such  a  power  level,  the  coherence  length  of  the 
User  beam  is  typically  only  20-30  cm  long  because  of  the 
simultaneous  osinlUdon  of  many  modes  which  satisfy  the 
cavity  resonance  condition.  Only  when  the  difference  of  the 
optical  path  lengths  of  the  probing  arm  and  the  reference 
arm  is  lest  than  the  coherence  length  of  the  laser  beam,  is  the 
interference  possible.  Even  when  the  optical  path-length  dif¬ 
ference  is  alr^y  less  than  the  coherence  length  of  the  laser 
beam,  the  difference  is  still  harmful  to  the  sensitivity.  In  the 
real  experimental  situation,  due  to  the  Unite  diameter  of  the 
User  beam,  if  the  optical  path-length  difference  ^  is  not 
small  enough,  the  interference  pattern  behind  a  condenser 
lens  will  show  a  distribution  in  the  light  intensity  at  the  de¬ 
tection  plane,  such  as  that  shown  in  Fig.  2.  If  the  photo  de¬ 
tector  aperture  is  larger  than  the  central  fringe  diameter,  the 
seittitivity  of  the  system  can  be  greatly  reduced.  Since  this 
central  fringe  diameter  is  inversely  proportional  to  effort 
has  been  made  in  the  system  setup  process  to  reduce  this  ikd, 
so  that  in  the  detection  screen  the  central  fringe  occupict  the 
whole  illuminated  area  and  the  view  spot  shows  uniform 
light  intensity  distribution,  indicating  that  the  central  fringe 
diameter  is  much  larger  than  the  aperture  of  the  photodetec- 
tor.  Unfortunately,  the  optical  path  length  of  the  probing 
arm  is  Axed,  and  the  adjustment  can  be  made  only  in  the 
reference  arm.  Thus,  the  servo  transducer  is  positionad  on  a 
transUtion  stage  which  can  more  forward  and  backward 
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Fig.  2.  InieHertnce  pattern  in  the  detection  plane  for  a  finite  beam  diameter 
oflaaer  and  a  large  Ad.  /is  the  intensity  and  2.  is  the  distance  from  ihe  center 
of  the  spot. 


along  the  beam  direction  to  vary  the  optical  path-length  of 
the  reference  am  in  a  very  fine  scale.  In  order  to  further 
improve  the  sensitivity,  a  condenser  lens  is  inserted  in  front 
of  the  photodetector  to  further  expand  the  diameter  of  the 
central  fringe.  Under  this  condition,  the  light  intensity  is  that 
described  by  Eq.  (1). 

The  optical  path-length  is  also  important  for  the  sensi¬ 
tivity  of  the  system.  It  was  found  in  the  real  adjustment  that 
the  shorter  the  optical  path-length,  the  higher  the  sensitivity. 
This  must  be  due  to  the  fact  that  the  laser  beam  is  not  abso¬ 
lutely  monochromatic,  the  incoherence  increases  as  the  opti¬ 
cal  path-length  increases.  In  the  present  system,  the  optical 
components  were  placed  as  close  as  possible  and  the  optical 
path  length  was  kept  under  130  cm  long. 

B.  Elnetronic  synttm 

For  small  displacement  measurement,  it  is  desirable  to 
set  the  interference  between  the  two  beams  at  a  point  about 
the  (lit  +  DA /S  (ir/2)  point,  where  the  light  intensity 
change  will  be  maximized  for  the  same  displacement  change 
in  hd.  Near  this  point,  we  can  write  Ad  as 

Ad-d^  ^-(2n-l- l)/l/8.  (3) 

and  Eq.  ( 1 )  can  be  reduced  to 

sm{Aird^/A) 

-I- /A.  (♦) 

In  Eq.  (4),  the  sign  "  +  ”  or  "  -  "  depends  on  whether  n  is 
an  even  or  odd  number.  The  approximation  sin  x  a  x  is  valid 
for  nnall  x  and  in  our  case,  the  error  associated  with  this 
approximation  is  less  than  I  %  if  d^  is  less  than  1 30  A.  Equa¬ 
tion  (4)  indicates  that  the  light  intensity  change  is  linearly 
proportional  to  the  change  d^  for  small  displacement. 

The  stabilization  of  the  interferometer  at  the  ir/2  point 
is  achieved  by  introducing  a  feedback  loop  in  the  reference 
arm  u  tiwwn  in  Fig.  1.  The  configuration  used  can  set  the 
system  at  any  reference  point  by  adjusting  the  voltage  level  at 
tte  different  amplifier  reference  input.  The  set  voltage  is 
compared  with  the  output  voltage  of  the  photodetector,  the 
difference  of  the  two  voltages  is  amplified  by  the  L-Pa  ampli- 
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fier  and  servo  amplifier  to  drive  the  servo-transducer.  The 
reference  mirror  is  then  driven  by  the  servo  transducer  to 
change  the  optical  path  length  of  the  reference  arm  and  to 
bring  the  output  voltage  of  the  photodetector  to  the  set  vol¬ 
tage.  This  feedback  loop  responds  only  on  the  low-frequency 
signal  (<  10  Hz),  it  does  not  affect  the  measurement  at  high 
frequencies.  The  L-Pa  amplifier  can  also  generate  a  sinusoi¬ 
dal  wave  to  drive  the  servo  transducer.  If  the  displacement  of 
the  reference  mirror  is  larger  than  the  wavelength  of  the 
light,  the  interference  intensity  curve  can  be  obtained. The 
—  y„,„  or  P),.,  value  may  be  measured  using  a  digital 
oscilloscope. 

C.  Sample  mounting 

The  way  in  which  the  sample  is  mounted  is  shown  sche¬ 
matically  in  Fig.  3.  The  two  major  surfaces  of  the  sample  are 
very  smoothly  polished.  Gold  is  then  sputtered  to  the  sur¬ 
faces  for  both  electric  conduction  and  optical  reflection  pur¬ 
poses.  The  sample  is  bonded  to  the  sample  holder  by  epoxy. 
It  is  confirmed  by  the  measurement  of  admittance  vs  fre¬ 
quency  that  the  resonance  frequencies  of  the  sample  mount¬ 
ed  this  way  are  very  close  to  those  of  the  free  sample  especial¬ 
ly  when  the  ratio  of  the  sample  length  (vertical  direction)  to 
cross  section  ( horizontal  plane)  is  large.  The  sample  holder 
is  able  to  move  in  they  and  z  directions  (x  is  the  direction  of 
the  laser  beam  and  z  is  the  vertical  direction )  and  also  rotate 
m  x-z  plane. 

11.  PIEZOEUECTRIC  STRAIN  MEASUREMENT 
A.  UttnMow  dlapUusmtmit  mpasurement 

For  sinusoidal  displacement  do  cos(<ut) ,  the  opti¬ 
cal  signal  is  convened  by  the  photodetector  to  a  voltage 
change  and  then  amplified.  This  voltage  signal  is  detected  by 
a  two-phase  lock-in  analyzer  (EG&C  Princeton  Applied 
Research.  Model  $208 )  as  P*,,,,  which  is  a  rms  value  of  the 
detected  signal  corresponding  to  the  displacement  do/V^- 
From  Eq.  (4)  it  can  be  shown  that 

do=  (/i/v2jr)(K^./F„).  (5) 


Fic.  3.  SchcfiMiic  drawing  of  sample  mouniing. 
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where  is  the  peak-to-peak  value  of  the  interference  sig¬ 
nal.  which  corresponds  to  the  change  in  the  interference  sig¬ 
nal  (•fiMji  -/««.)•  The  lock-in  detection  offers  excellent 
noise  rejection  and  is  the  key  to  the  sensitivity.  Figure  4 
shows  the  field  induced  displacement  vs  the  applied  voltage 
( 1  kHz)  for  an  x-cut  quartz  measured  using  lock-in  detec¬ 
tion.  The  displacement  is  linearily  proportional  to  the  ap¬ 
plied  voltage  due  to  the  pure  piezoelectric  effect.  Under  a 
very  quiet  environment,  the  system  response  to  an  applied 
field  as  weak  as  1.5  V/cm  fora  value  of  about  1 V.  Such  a 

response  gives  a  displacement  resolution  10~’  A.  However, 
compared  with  that  of  the  single  beam  system,’  the  sensitiv¬ 
ity  of  the  double  beam  system  is  an  order  of  magnitude  less. 
Several  things  are  responsible  for  the  degraded  sensitivity. 
First  of  all.  the  light  intensity  loss  (  >  70%  in  general )  due  to 
the  reflection  and  transmission  in  the  double  beam  system  is 
much  greater  than  that  in  the  single  beam  system  because 
there  are  more  optical  components  and  one  more  reflecting 
sample  surface  in  the  double  beam  system.  The  conversion  of 
the  light  intensity  to  voltage  is  accomplished  by  an  inversely 
biased  photodiode.  The  photoexcited  current  flows  to  the 
ground  through  a  resistor,  the  voltage  across  the  resistor  is 
enlarged  by  an  operational  amplifier  with  a  gain  of  100.  Ob¬ 
viously,  the  smaller  the  resistance  of  the  resistor,  the  faster 
the  response  speed  of  the  photodiode  and  the  less  the  signal- 
to-noise  ratio.  A  1  -kll  resistor  is  selected  in  order  to  raise  the 
response  frequency  of  the  photodiode  to  MHz  range.  When 
the  noise  level  is  kept  constant,  the  smallest  measurable  vol¬ 
tage  signal  ( is  subsequently  fixed,  and  hence  the 
smallest  detectable  displacOTent  is  determined  by 
fp.,  (/mwi  -/,».)  or  ( y^  -  y„„ )  value  according  to 
the  relation 

If  the  sample  surfaces  are  not  very  reflecting,  the  y^^,  value 
can  be  only  50-l(X)  mV.  The  ( measured  by  the 
lock-in  is  set  by  the  electronic  and  mechanical  noises  and  is 
in  the  range  of  0.0 1 -0. 1  mV  depending  on  the  environment. 
Therefore,  the  sensitivity  is  in  the  range  of  0.1-3  A.  For 
quartz,  the  sample  surfaces  can  be  polished  so  well  that  the 
reflectivity  of  the  surfaces  yields  a  value  above  0.7  V. 


Fio.  4.  Volisp  icui  of  x-cut  quaru  it  the  frequency  of  I  kHz. 

nnowvoinc  mo  •woivOTvivnw  sww 


2701 


2703 


Fic.  3.  Frequency  scan  of  ji-cut  quanz  at  applied  voltage  of  1 3.3 1  V. 


such  a  value  yields  the  reported  sensitivity  of  0.01  A. 
For  the  single  beam  system,  even  the  polished  ceramic  sam¬ 
ple  surfaces  can  yield  a  value  above  1  V,  this  is  one  of  the 
reasons  for  the  degraded  sensitivity  in  the  double  beam  sys¬ 
tem.  Second,  wave-front  distortion  is  much  more  severe  in 
the  double  beam  system  than  that  in  the  single  beam  system 
because  of  the  elongated  optical  path  lengths  and  increased 
optical  components,  consequently,  in  the  detection  plane  the 
reference  beam  and  the  probing  beam  would  be  less  coher¬ 
ent.  Finally,  as  mentioned  earlier,  because  of  the  lack  of  ab¬ 
solute  monochromaticity  of  the  laser  light,  the  coherence  of 
the  light  decreases  with  increasing  optical  path  length.  In  the 
present  setup,  it  is  impossible  to  keep  the  optical  path-length 
under  130  cm  which  is  much  longer  than  that  of  the  single 
beam  system. 

Figure  5  shows  the  displacement  versus  the  driving  ftv- 
quency  of  applied  voltage  15.31  V  for  the  x-cut  quartz.  The 
d, ,  value  is  constant  with  respect  to  the  frequency  up  to  100 


kHz  which  is  the  limit  of  the  bandwidth  of  the  lock-in  ampli¬ 
fier  used  (S208  two  phase  lock-in  analyzer,  EC&G  Prince¬ 
ton  Applied  Research),  the  absence  of  the  dispersion  is  a 
characteristic  of  nonferroelectric  piezoelectric. 

B.  High-fraquMiey  disptaewnwit  m«Murmnt 

Although  the  lock-in  detection  provides  high  sensitiv¬ 
ity,  the  driving  frequency  of  the  applied  electric  field  is  limit¬ 
ed  by  the  bandwid^  of  the  lock-in  amplifier.  An  oscilloscope 
does  not  have  as  good  noise  rejection  capability  as  the  lock-in 
amplifier,  but  the  bandwidth  can  be  much  higher.  A  digital 
os^oscope  (Hewlett  Parkard  54201 A)  was  used  for  the 
high-frequency  displacement  detection.  The  bandwidth  of 
the  oscilloscope  is,  under  the  repetitive  mode,  200  MHz 
which  is  well  above  the  fundamental  resonance  frequencies 
for  a  regular  sample  size.  When  the  signal  from  the  photode¬ 
tector  is  greater  than  1  mV,  the  signal-to-noise  ratio  under  a 
quiet  environment  is  large  enough  to  allow  the  signal  to  be 
measured  by  the  digital  oscilloscope.  According  to  Eq.  ( 5) , 
the  sensitivity  is  about  1  A  for  a  value  of  about  1  V. 

If  the  induced  signal  is  larger  than  1 30  A,  Eq.  ( 5 )  is  no 
longer  valid  because  of  the  nonlinearity  between  the  dis¬ 
placement  and  interference  light  intensity.  But,  when  the 
displacement  is  less  than  X  /4,  it  can  be  calculated  as 

do=  (/l/4ff)sin~'(21Vl'^^),  (6) 

where  is  the  displacement  amplitude  induced  by  the  ap¬ 
plied  electric  field  and  is  the  voltage  signal  amplitude 
measured  from  the  subilization  point  l/2(  -t-  )  by 

the  oscilloscope.  Figure  6  shows  the  displacement  of  PZT5 
induced  by  an  applied  ac  voltage  amplitude  15.31  V  versus 
the  driving  frequency.  The  voluge  amplitude  generated  by 
the  piezoelectric  eflect  of  the  sample  versus  the  dnving  fre¬ 
quency  was  measured  by  a  spectra-analyzer  (Hewlen  Par¬ 
kard.  3585 A ) .  The  amplitude  is  a  relative  value  to  the  excita¬ 
tion  voltage  level  and  is  proponional  to  the  admittance  of  the 
sample.  The  amplitude  versus  frequency  is  also  shown  in 
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Fig.  (>.  It  IS  observed  thet  the  resonance  peaks  measured  by 
the  two  different  methods  agree  quite  well.  As  shown  in  Fig¬ 
ure  3,  the  mass  center  of  the  sample  is  not  oscillating  under 
the  driving  ac  field.  The  “back  motion”  is  no  longer  a  con¬ 
cern  here,  thus  the  displacement  can  be  measured  properly 
to  high-frequency  range. 

C.  Elimination  of  banding  effact 

The  present  detection  system  can  be  free  from  the  inter¬ 
ference  of  a  bending  effect.  As  shown  in  Fig.  3.  if  the  top  of 
the  sample  bends  toward  the  left  beam  and  the  optical  path 
length  of  the  left  beam  decreases,  then  the  optical  path  length 
of  the  right  beam  increases,  offsetting  the  decrease  of  the 
optical  path  length  in  the  left  beam.  This  is,  of  course,  based 
on  the  assumption  that  the  beam  spots  on  the  sample  sur¬ 
faces  are  very  small  and  the  beams  on  the  two  sides  of  the 
sample  are  collinear.  In  the  present  system,  the  reduction  of 
the  beam  spots  is  accomplished  by  two  condenser  tens  on  the 


two  sides  of  the  sample  and  the  collineanty  of  the  beams  on 
both  sides  of  the  sample  is  made  possible  by  adjusting  the 
beam  to  pass  the  collinear  pinholes  on  both  sides  of  the  sam¬ 
ple.  The  pinholes  are  removed  after  the  beam  adjustment. 
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In  this  paper  we  report  on  a  modified  Mach-Zehnder  interferometer  which  is  capable  of 
measuring  the  ultrashort  time  strain  response  of  a  sample.  Using  this  instrument,  the 
dispersion  of  piezoelectric  and  electrostrictive  coefficients  of  several  commonly  used 
ferroeiectrics  was  measured.  The  strain  switching  behavior  of  lead  lanthanum  zirconate 
titanate  (PLZT)  9/6S/3S  driven  by  a  square  pulse  electric  field  was  studied.  The  results  show 
that  the  switching  rise  time  of  the  strain  response  for  PLZT  9/6S/3S  can  be  much  shorter  than 
S  /rs  at  a  pulse  field  strength  near  25  kV/cm  and  that  the  fall  time  of  the  strain  response  is 
considerably  shorter  than  the  rise  time  in  the  experimental  field  strength  range. 


I.  INTRODUCTION 

The  dispersion  and  switching  properties  of  ferroelectric 
materials  are  of  great  importance  for  the  practical  applica¬ 
tion  of  the  materials  and  for  a  basic  understanding  of  fetro- 
electricity.  In  the  normal  frequency  range  (  <  1(X)  MHz) 
where  ferroeiectrics  are  used,  the  dispersion  of  response 
functions  and  switching  behavior  are  closely  related  to  the 
defect  structure  of  the  materials,  domain  nucleation,  and 
domain  boundary  motions.  '  Using  modem  electronic  tech¬ 
niques,  the  dielectric  dispersion  and  polarization  related 
switching  can  be  easily  studied.  Abundant  experimental  in¬ 
formation  can  be  found  in  the  literature.^*  However,  con¬ 
cerning  the  study  of  strain  related  properties  in  ferroelec- 
thcs,  especially  in  the  high-frequency  domain,  experimental 
information  based  on  direct  measurement  on  the  strain  re¬ 
sponse  is  lacking. 

The  piezoelectric  and  electrostrictive  coupling  in  the 
ferroeiectrics  provide  a  convenient  and  effective  means  to 
convert  an  electric  signal  to  mechanical  signal  (strain  or 
stress)  and  vice  versa.  This  conversion  is  actually  a  two-step 
process:  the  electric-field-induced  polarization  changes  and 
consequently  the  polarization  related  strain  level  change. 
Since  this  later  process  can  also  be  frequency  dependent,  an 
independent  study  of  the  strain  response  up  to  high  frequen¬ 
cy  is  highly  desirable. 

In  this  paper  we  report  on  a  modified  Mach-Zehnder 
interferometer  which  is  capable  of  measuring  the  ultrashort 
time  strain  response  of  a  sample.  Using  this  instrument,  the 
dispersion  of  piezoelectric  and  electrostrictive  coefficients  of 
several  commonly  used  ferroeiectrics  was  examined.  The 
strain  switching  behavior  of  PLZT  9/63/33  under  a  square 
pulse  electric  field  was  also  studied.  These  results  will  be 
reported  in  the  following  paper  and  their  implications  dis¬ 
cussed. 

II.  THE  APPARATUS  AND  ITS  OPERATION  PRINCIPLE 

Although  the  laser  interferometer  has  been  widely  used 
in  precise  displacement  measurement  and  is  capable  of  mea- 
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suring  these  displacements  to  ultrahigh  frequencies  (  >  10 
MHz  ),"*'"  its  application  is  still  limited  to  lower  frequencies 
as  a  dilatometer.  The  major  obstacle  which  prevents  this 
instrument  as  a  high-frequency  dilatometer  is  the  single  sur¬ 
face  displacement  detection  scheme  in  the  currently  used 
interferometer,  as  discussed  in  an  earlier  publication.'*  Us 
ing  this  scheme,  where  only  one  face  of  the  sample  is  detected 
(in  later  discussion,  this  face  is  denoted  as  the  front  face  of 
the  sample),  the  strain  level  of  the  sample  can  be  obtained 
only  by  assuming  the  possible  motion  of  the  undetected  face 
of  the  sample  (denoted  as  the  back  face)  resulting  from  the 
strain  change.  In  most  cases,  the  back  face  is  assumed  to  be 
fixed  and  hence  the  front  face  displacement  is  equal  to  the 
sample  dilatation  due  to  the  strain  change.  It  is  clear  that 
such  an  assumption  is  valid  only  at  low  frequency.  As  the 
frequency  is  increased,  the  holding  force  on  the  back  face  of 
the  sample  to  prevent  its  motion  will  increase  as  the  square  of 
the  frequency.'^  Thus,  the  back  face  of  the  sample  wtll  cer¬ 
tainly  be  set  into  motion  due  to  the  finite  size  of  the  holding 
force  and  this  back  face  motion  is  usually  unpredictable. 
Hence,  it  is  not  possible  to  use  this  single  face  detection  inter¬ 
ferometer  to  follow  the  sample  strain  response  to  high  fre¬ 
quency.'^  Of  course,  increasing  the  strength  of  the  holding 
force  can  raise  the  operation  frequency.  But  this  will  also 
result  in  an  increase  on  the  sample  clamping  which  is  not 
desirable.  Normally,  under  unrestrained  conditions  to  the 
sample  a  single  face  detection  laser  interferometer  can  only 
be  operated  below  several  kHz  for  a  small  strain  amplitude 
measurement  (<  100  A).  At  a  fixed  frequency,  the  holding 
force  is  also  proportional  to  the  amplitude  of  the  sample 
dilatation.  Thus,  the  operation  frequency  for  the  study  of 
polarization  related  strain  response  which  involves  a  large 
displacement  measurement  ( >  1000  A)  is  limited  below 
several  hundred  Hz. 

Based  on  these  facts,  a  correct  strain  measurement  at 
high  frequency  requires  one  to  probe  the  motion  of  both 
faces  of  a  sample.  Shown  in  Fig.  1  is  the  schematic  drawing  of 
a  modified  Mach-Zehnder  interferometer  recently  built  to 
fulfill  these  requirements.  By  the  arrangement  of  the  optical 
path  in  the  measuring  arm  as  shown  in  the  figure,  the  setup  is 
insensitive  to  the  motion  of  the  sample  u  a  rigid  body,  which 
is  actually  the  major  cause  of  errors  in  the  single  face  detec- 
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FIG.  I.  Schenuiic  drawing  of  the  op<icai  pert  of  the  modihed  Mich- 
Zehnder  inteiferometeT.  FBI  and  PB2  are  two  polarized  beam  splitters.  SM 
IS  a  servomirror  which  is  driven  by  a  PZT  actuator,  P  is  a  polarizer,  X  /4  is 
quarter  wave  plate.  L  is  condenser  lens,  and  S  is  the  test  sample. 


tion  interferometer  for  strain  measurement.  The  change  in 
the  optical  path  length  in  the  measuring  arm  is  equal  to  the 
dilaution  of  the  sample  from  the  strain  change. 

The  opersuon  principle  of  this  interferometer  is  as  fol¬ 
lows:  The  laser  light  is  equally  divided  by  a  polarized  beam 
splitter  ( PB 1 )  into  the  measuring  arm  and  the  reference  arm 
with  mutually  perpendicular  polarization  directiona.  In  the 
measuring  arm,  where  the  sample  is  located,  the  linearly  po¬ 
larized  laser  beam  hits  the  first  face  of  the  sample  and  is 
reflected  back  to  PBl.  The  quarter  wave  plate  (X  /4)  in  that 
path  rotates  the  polarization  direction  of  this  beam  by  90* 
before  it  is  sent  b^  to  PBl.  As  a  result,  the  returning  beam 
will  be  totally  reflected  by  PBl  to  the  reflection  mirron  Mi, 
M2,  and  the  second  polarized  beam  splitter  PB2.  Totally 
reflected  by  PB2,  the  laser  beam  is  directnl  to  the  second  face 
of  the  sample  The  function  of  the  quarter  wave  plate  in  this 
path  is  the  same  as  the  previous  one  and  ensures  that  the 
laser  beam  reflected  from  the  second  face  of  the  sample  will 
be  totally  transmitted  through  PB2  to  leflectioa  mirror  M3. 
The  probing  beam  and  the  reference  beam  meet  at  the  beam 
splitter  ( BS),  and  with  the  help  of  a  polarizer  ( P)  these  two 
beams  form  the  interference  pattern  to  be  detected  by  the 
photodetector. 

The  purpose  of  the  two  lenses  in  the  measuring  arm  is  to 
reduce  the  effect  of  tilting  of  the  sample  reflection  face  with 
respect  to  the  laser  beam,  as  discussed  in  Ref.  1 2.  It  is  expect¬ 
ed  that  if  the  reflection  face  tilting  becomes  large,  errors  will 
be  induced.  Therefore,  care  in  sample  holding  should  be 
practiced  to  reduce  the  reflection  face  tilting  in  the  high- 
frequency  measurement 

In  the  reference  arm,  the  additional  minors  M4  and  MS 
are  used  to  compensme  the  optical  path  length  of  the  arm  so 
that  it  is  equal  to  the  measuring  arm  optical  path  length.  This 
reduces  the  interference  signal  noise.  In  this  setup,  the  total 
length  of  the  reference  arm  is  about  2.3  m. 

An  accurate  measurement  of  the  sample  strain  requires 
that  the  laser  beams  hitting  the  first  and  ^  second  sample 
faces  ate  colinear.  The  first  face  of  the  sample,  therefore,  has 
to  be  oriented  predaely  with  respect  to  the  incident  beam.  In 
order  to  achieve  that,  a  three-point  aligner  was  designed,  as 
schematirally  shosni  in  Pig.  1  The  three  pinholes  on  the 
aUgner  an  at^nstad  to  be  ooUnear  with  the  help  of  a  laser 
beam.  Using  tte  aUgaar,  the  laser  beams  on  the  two  sides  of 
the  sample  can  be  atyaBted  to  be  ooBnaar. 

The  interference  signal  seen  by  the  photodetector  is 


FIG.  2.  Schematic  drawing 
of  the  three-point  aligner 
which  is  used  to  aid  the 
sample  alignment  to  ensure 
that  the  laser  beams  on  ihe 
two  faces  of  the  sample  are 
colinear.  PH  stands  for  pin¬ 
hole. 


I-  +  ^mii,  )  +  -  /mm  )COS(X1r^d /X)  .  (  I  ) 

where  and  are.  respectively,  the  interference  light 
intensity  at  the  maximum  and  minimum  points,  and  ^  is 
the  optical  path  length  difference  between  the  two  arms.  In 
case  Ad  /A  <  I  and  the  interference  signal  is  biased  at  the 
middle  point  between  and  where  the  maximum 
sensitivity  is  achieved,  a  linear  relationship  between  \I  and 
Ad  exists  as  given  by 

Ad=.U/2n-)A//(/„„  -/„ 


.) 


(2) 


III.  SAMPLE  MOUNTING  PROBLEMS 

As  we  pointed  out  in  the  preceding  section,  a  proper 
sample  holding  is  an  important  factor  in  obtaining  accurate 
data.  In  our  measurement,  three  different  sample  holding 
methods  were  used  as  shown  in  Fig.  3.  Method  (a)  has  a 
clamping  effect  on  the  sample.  Therefore,  it  is  only  suitable 
for  small  strain  measurement  (strain  <  10'^)  even  with  the 
position  of  the  probing  laser  beam  located  away  from  the 
holding  position.  This  is  the  easist  holding  method  and  will 
not  induce  a  large  clamping  effect,  as  has  been  tested  when 
the  sample  is  thick  (  >  3  or  4  mm).  Method  (b)  has  very 
small  clamping  effect.  When  the  center  of  mass  of  the  sample 
is  overlapped  with  the  sample  holding  point,  the  tilting  of  the 
reflection  face  of  the  sample  can  be  minimized.  In  both  t  a ) 
and  (b),  the  sample  under  test  is  glued  to  the  sample  holder 
by  epoxy  (either  conductive  or  nonconductive)  and  they  are 
suitable  for  the  measurement  of  the  sample  strain  under  both 
cw  and  pulse  field  driving.  It  is  obvious  that  if  the  sample 
becomes  thin,  a  bending  or  flexure  motion  of  the  sample  will 
be  excited.  At  the  flexure  resonance  of  the  sample,  large  tilt- 


FIG.  ).  Three  differtni 
ways  of  mounting  the  vam- 
ple  for  high-frequency 
strain  measurements. 
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mg  ot  Che  sampie  reflection  face  will  be  induced  [the  fre¬ 
quency  of  the  flexure  mode  for  most  of  the  ferroelectrics  with 
a  bar  shape  as  supported  in  our  experiment  is  about  0.  S  ( A  / 
/ ')  MHz  or  higher,  where  h  and  / are  the  bar  thickness  and 
the  length  in  units  of  mm,  respectively  ] . '  ’  Therefore,  a  rela¬ 
tively  thick  sample  is  needed  (  >0.5  mm)  to  minimize  the 
sample  bending. 

In  method  (c),  one  face  of  the  sample  is  placed  against 
the  holder  with  a  hole  in  the  middle  with  a  diameter  just 
large  enough  to  pass  the  laser  beam  and  two  springs  (or  two 
rubber  bands )  are  used  on  the  other  face  to  press  the  sample 
to  the  holding  surface.  This  sample  holding  method  is  not 
very  suitable  for  the  strain  measurement  under  cw  driving  to 
high  frequency  (  <  10  Hz)  since  the  two  springs  are  usually 
not  identical.  However,  in  studying  the  switching  rise  time 
behavior  of  the  sample  strain  under  pulse  driving,  this  hold¬ 
ing  method  is  superior  to  methods  (a)  and  (b).  Especially 
when  the  sample  is  very  thin,  the  support  of  the  sample  hold¬ 
er  prevents  the  sample  from  bending  during  the  sample  ex¬ 
pansion  near  the  rising  edge  of  the  pulse.  When  the  sample 
contracts  (as  the  applied  voltage  decreases),  the  mass  center 
motion  of  the  sample  will  pull  the  whole  sample  away  from 
the  holding  surface  and  the  sample  is  in  a  mechanically  un- 
suble  position.  As  a  result,  if  the  forces  from  the  two  holding 
springs  are  not  equal,  an  irregular  sample  tilting  will  occur, 
'nis  holding  method,  therefore,  does  not  work  for  cw  strain 
measurement. 

Depending  on  the  experimental  situation  and  purpose, 
other  types  of  sampie  holding  methods  should  be  considered 
to  achieve  the  best  results. 


IV.  DISPERSION  OF  PIEZOELECTRIC  AND 
ELECTROSTRIcnvE  COEFFICIENTS  OF  SEVERAL 
SELECTED  FERROELECTRICS 

The  piezoelectric  and  electrostrictive  coefficients  of  x- 
cut quartz  (d, , ).  hard  PZT  (PZT-8)  (djj),  soft  PZT  (PZT- 
5)  (d,j).  and  PLZT  9.5/65/35  (.V,,)  were  measured  as  a 
function  of  frequency.  The  measurement  of  the  x-cut  quartz 
single  crystal  was  performed  for  the  purpose  of  calibration. 
In  the  piezoelectric  constant  measurement,  all  the  samples 
used  had  a  thickness  of  2  mm  or  more  and  the  areas  of  the 
samples  were  about  4x4  mm*  or  more.  In  the  electrostric¬ 
tive  coefficient  measurement,  PLZT  samples  were  about  0.5 
mm  thick  and  5x3  mm*  or  larger  in  area.  All  the  samples 
were  polished  to  optical  flat  on  both  faces. 

Both  the  soft  and  hard  PZT  were  commercially  avail¬ 
able  ceramic  samples.  PLZT  samples  were  hot-pressed 
transparent  samples.  PZT  samples  are  poled  and  they  show 
piezoelectric  strain  response,  whereas  PLZT  9.3/65/35  is  a 
ferroelectric  relaxor,  and  at  room  temperature  it  is  an  elec¬ 
trostrictive  material. 

The  piezoelectric  and  electrostrictive  coefficients  were 
measured  by  applying  an  ac  field  the  sample,  and  the 
strain  response  signal  from  the  photodetector  was  detected 
by  a  lock-in  amplifier  ( EGdtG  Princeton  Applied  Research 
5208 )  and  a  digit'?ed  oscilloscope  ( HP  54201 A ) .  For  a  sam¬ 
ple  thickness  t  with  an  applied  voltage  (amplitude),  the 
piezoelectric  constant  is  given  by 


—  Ad /Kg  (3) 

and  the  electric-field-related  electrostrictive  coefficient  by 

A/„=2Ad(2/3f/K5.  (4) 

where  Ad(  2/)  is  the  sample's  dilatation  at  frequency  2/mea- 
sured  by  the  lock-in  amplifier.'*  The  frequency  doubling 
(2/)  in  the  sample  strain  is  due  to  the  electrostrictive  cou¬ 
pling  of  the  sample  strain  response  to  the  electnc  field. 

It  was  observed,  however,  that  more  reliable  data  can  be 
acquired  more  rapidly  by  using  a  two-signal  comparison 
method.  In  this  method,  two  voltage  signals  with  frequencies 
fo  and  /,  were  applied  simultaneously  to  the  sample,  as 
shown  in  Fig.  4.  The  response  signals  from  the  sample  were 
measured  by  using  two  lock-in  amplifiers  tuned  at  /„  and  /,, 
respectively.  By  fixing/g  and  varying/,,  the  dispersion  of  the 
piezoelectric  or  electrostrictive  coefficient  can  be  obtained 
through  the  relation 

d,3(/o)  VAd(/o)AK(/,);’ 

where  Ad (/, )  and  Ad(/,)  are  the  dilatations  of  the  sample  at 
frequencies/,  and/,,  K(/,)  and  K(/o)  are  the  applied  voltage 
amplitude  with  frequencies /,  and /„.  or 

.!/,(/,)  _/Ad(2/,)YKC/„)y 
VAd(2/o)AKC/,)/  ' 

where  Ad(2/,)  and  Ad(2/,)  are  the  dilatations  of  the  sample 
at  frequencies  2/,  and  2/,. 

The  measured  dispersions  of  the  piezoelectric  constants 
for  x-cut  quartz,  soft  PZT,  and  hard  PZT  are  shown  in  Fig. 
5.  For  quanz,  d, ,  did  not  vary  up  to  1(X)  kHz.  Above  that, 
the  sample  mechanical  resonance  ( piezoelectric  resonance ) 
causes  d,,  value  deviate  from  its  intrinsic  value.  Whereas  for 
both  soft  PZT  and  hard  PZT,  d^g  decreases  slightly  as  the 
frequency  is  increased.  This  decrease,  as  seen  from  the  fig¬ 
ure,  is  the  result  from  the  dispersion  of  the  dielectric  permit¬ 
tivity.  This  indicates  that  for  weak  field  e.xcitation.  in  the 
frequency  domain,  poled  ferroelectrics  can  be  desenbed  as 
polarization  biased  electrostrictive  materials  with 
d3,  =  2FoeeoGii.  where  P„  is  the  bias  polarization.  The 
change  in  d,,  is  the  result  of  the  dispersion  of  the  dielectnc 
permittivity,  e.  Hence,  for  both  hard  and  soft  PZT.  Q, ,,  the 
polarization  related  electrostrictive  constant  measured  m 
the  weak  field  limit,  is  frequency  independent.  At  frequen¬ 
cies  near  and  above  1(X)  kHz.  the  measurement  was  affected 
by  the  sample's  piezoelectric  resonance.  Therefore,  to  pur- 


FIG  4  SchemiMC  drawing  of  the  power  supply  and  signal  deietiion  cr- 
rangement  for  the  (wo.signtl  comparuon  method.  Voltages  from  ihe  i«' 
waveform  generators  (  WG)  are  added  by  an  add  circuit.  Depending  >'ii 
e.spenmenlal  situation,  a  power  amplifier  may  be  used  following  ihe  ..,^0 
circuit  to  supply  a  high. voltage  signal  to  the  sample. 
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FIG.  5.  (»)  rf,,  for  *-cut 
quartz;  (bl  (I 

kHz)  (curve  2)  and 
<■  *  kHz)  (curve 

1)  for  hard  PZT;  (c) 
d„(/)/d„  (I  kHz)  (curve 

2)  and  ( I  kHz) 

(curve  1 1  for  soft  PZT  aa  a 
function  of  frequency. 


sue  the  measurement  to  even  higher  frequencies,  it  is  neces¬ 
sary  to  suppress  the  sample  mechanical  resonance  or  reduce 
the  sample  dimension  to  move  the  resonance  to  even  higher 
frequencies. 

For  comparison,  in  Fig.  6  the  piezoelectric  constant  is 
shown  for  x-cut  quartz  and  hard  PZT  measured  using  a  sin¬ 
gle  face  detection  interferometer.'^  The  measurement  is  ap¬ 
parently  limited  to  below  2  kHz. 

The  electrostrictive  coefiRcient  M, ,  for  PLZT  9.5/65/35 
as  a  function  of  frequency  is  shown  in  Fig.  7.  The  applied 
field  amplitude  was  440  V/cm.  The  data  above  50  kHz  are 
affected  by  the  mechanical  resonance  of  the  sample  (the  os- 


FIG.  6.  (•)  d,,  for  x.cu( 
quartz;  (b)  d,,  for  hard  PZT 
measured  using  a  single-face 
detection  interferometer. 
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FIG.  7.  The  electric-lield-related  electrostrictive  coefficient  Af, ,  for  PLZT 
9/65/35.  The  field  strength  is  440  V/cm.  The  mechanical  resonance  of  the 
sample  causes  the  increase  of  M, ,  at  frequencies  above  SO  kHz. 


cillation  frequency  for  electrostrictive  materials  is  2/where / 
is  the  applied  field  frequency).  However,  this  resonance  is 
much  weaker  than  the  piezoelectric  resonance  since  there  is 
no  anomaly  in  the  real  part  of  dielectric  constant  at  this  reso¬ 
nance  region.  The  resonance  observed  for  this  electrostric¬ 
tive  material  is  purely  mechanical  resonance. 

V.  STRAIN  RESPONSE  OF  PLZT  9/65/35  UNDER  HIGH 
FIELD  WITH  cw  AND  SQUARE  PULSE  DRIVING 

The  strain  response  at  a  fixed  electric  field  amplitude 
( 16.3  kV/cm)  as  a  function  of  frequency  was  measured  for 
PLZT  9/65/35  ceramics  ( hot  pressed  transparent  samples ) . 
The  measured  strain  hysteresis  loops  are  shown  in  Fig.  8  and 
summarized  in  Fig.  9.  All  the  data  were  taken  under  cw 
driving  and  recorded  by  a  digitized  oscilloscope.  The  limita¬ 
tion  on  the  measured  frequency  is  caused  by  the  power  am¬ 
plifier.  In  our  experiment,  a  Kepco  bipolar  power  amplifier 
(model  BPO  lOOOM)  was  used  which  has  a  bandwidth  of 
about  1  kHz.  The  dispersion  of  the  strain  response  can  be 
clearly  seen  and  is  larger  than  the  dispersion  of  the  weak  field 
electrostrictive  coefficient. 

Switching  characteristics  of  PLZT  9/65/35  under 
square  pulse  driving  were  also  studied.  The  sample  thickness 


FIG.  8.  Slriin  hysterests 
loop*  for  PLZT  9/65/35  as  a 
function  of  frequency,  from 
bottom  to  top:  I  Hz.  10  Hz. 
lOOHz.300  Hz.  and  I  kHz. 
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FIG.  9.  The  dispersion  of  the  strain  response  of  PLZT9/63/3S  under  16.3- 
kV/cm  cw  driving  field. 


used  is  0.365  mm.  In  this  measurement,  a  high-power  pulse 
generator  (HP  214B  and  Cober  Model  604A)  with  rising 
time  shorter  than  20  ns  and  a  maximum  output  power  of  9 
kW  was  used.  The  response  strain  signal  was  recorded  on  a 
digitized  oscilloscope.  The  photodetector  used  has  a  flat  re¬ 
sponse  up  to  1  MHz  and  a  bandwidth  of  more  than  S  MHz. 
Typical  data  record  is  shown  in  Fig.  10.  Figure  10(a)  shows 
both  the  strain  response  and  the  applied  square  pulse. 

Figure  10(b)  shows  the  response  of  the  current  and 
strain  of  the  sample  to  a  square  pulse  with  S-//s  duration.  The 
polarization  response  P(  f )  of  the  sample  can  be  obtained  by 
integrating  the  current  with  respect  to  time 

P(/)  /(/')dr'. 

One  can  observe  immediately  that  the  rise  time  for  the  strain 
response  is  longer  than  the  fall  time.  Part  of  the  reason  is  as 
follows:  When  an  electric  field  is  applied  to  a  sample,  the 


FIO.  10.  (a)  The  Mrain  retpaiiM  tignal  and  the  applied  iquare  pulie  ( U.Z 
k  V/cm )  at  recorded  from  the  digilited  oicilloscope  for  PLZT  9/63/33:  ( b ) 
ihecuireni  and  the  Mrain  reaponac  aignala  reconM  from  a  digiiiied  oacillo- 
Kope.  The  IMd  Mrengih  in  11.2  kV/cm. 


primary  response  of  the  sample  is  the  polarization  change. 
The  strain  change  of  the  sample  is  a  consequence  of  the  po¬ 
larization  change.  For  an  electrostrictive  material, 
^ii(f)  =  Qi\P^U),  assuming  that  Qu  is  not  strongly  fre¬ 
quency  dependent.  If  we  assume  that  the  polarization  re¬ 
sponse  to  a  square  electric  pulse  is  symmetric  at  the  rising 
and  the  falling  edges  of  the  pulse  and  has  an  exponential 
dependence  on  time,  then  at  the  rising  edge, 

=/*()[ I -exp( -f/T)]  ,  (7a) 

and  at  the  falling  edge, 

PU)  =  Pocxpf,  -  t/r)  ,  (7b) 

where  r  is  a  constant  characterizing  the  response  time  of  the 
sample  polarization  to  a  pulse.  Equation  (7)  describes  that 
the  rising  and  falling  edges  of  the  polarization  response  func¬ 
tion  have  the  same  response  time  r.  Therefore,  the  strain 
response  at  the  rising  edge  would  be 

s„U)=QuP"ii) 

=  So(  1  -  2  e-xpl  —t/r)  +  exp(  -  2t/r)  ]  ,(8a) 
and  at  the  falling  edge  would  be 

s,,(i)  =Soexp( -2f/T)  .  (8b) 

Equation  (8)  shows  that  the  fall  time  of  the  sample  strain 
response  should  be  much  shorter  than  the  rise  time  and  that 
they  have  different  time-dependent  forms.  Approximately 
speaking,  the  falling  edge  has  a  characteristic  time  of  r/2. 
which  is  shorter  than  the  rise  time  of  about  r.  The  argument 
presented  above  demonstrates  that  even  a  symmetric  polar¬ 
ization  response  to  the  square  pulse  will  result  in  an  asym¬ 
metric  strain  response.  Apart  from  that,  there  is  no  prior 
reason  to  assume  that  the  sample  polarization  response  to 
the  square  pulse  should  be  symmetric  at  the  rising  and  falling 
edges  and  that  they  have  the  same  time-dependent  func¬ 
tional  form.  In  fact,  a  careful  inspection  of  Fig.  10  reveals 
that  even  in  the  polarization  response  curve,  the  fall  time  is 
also  shorter  than  the  rise  time.  The  experimental  data  pre¬ 
sented  below  show  that  the  fall  time  of  the  strain  response 
curve  is  shorter  than  half  of  the  rise  time. 

For  the  pulse  switching,  the  sample  strain  shows  me¬ 
chanical  resonance.  Such  a  resonance  effect  is  very  small 
when  the  pulse  fleid  is  small,  as  shown  in  Fig.  10(a).  For  a 
field  of  25  kV/cm,  as  shown  in  Fig.  1 1,  a  strong  mechanical 


FIG  1 1  Siriin  response  curve  for  PLZT  9/63/33  under  23-kV/cm  field. 
The  duia  (how  the  resonance  at  the  risin|  and  fallini  sd|ca. 
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resonance  appears  at  both  the  rising  and  falling  edges.  The 
overall  resonance  amplitude  (peak-to-peak  value)  is  less 
than  1S%  of  the  total  strain  change  in  all  the  strain  data 
measured. 

A  series  of  measurements  were  taken  while  varying  the 
applied  field  strength  and  pulse  width  and  some  of  them  are 
presented  in  Fig.  12.  In  these  data,  the  sample  strain  reso¬ 
nance  was  averaged  out. 

In  order  to  look  at  the  general  trends,  we  plot  in  Fig.  13 
the  strain  level  of  the  sample  at  a  fixed  pulse  width  of  30 /rs  as 
a  function  of  applied  field  strength.  The  data  demonstrate 
that  at  an  elevated  field  level  ( 24. 7  k  V/cm ) ,  a  relatively  high 
strain  level  (0.15%  strain)  can  be  obtained  from  this  materi¬ 
al  under  a  short  pulse  (equivalent  to  33  kHz).  At  low  fre¬ 
quency,  for  example,  0. 1  Hz,  this  strain  level  is  achieved  by  a 
field  strength  lower  than  1 7  k  V/cm.  These  data  indicate  t^t 
the  strain  loss  due  to  the  reduced  pulse  duration  can  always 
be  compensated  by  increasing  the  applied  field  strength  for 
the  pulse  driving  mode.  This  would  generally  be  true  for 
most  of  the  relaxor  materiab. 

The  situation  may  not  be  the  same  if  the  sample  is  driven 
by  a  cw  field.  In  the  pulse  driven  case  as  in  our  experiment, 
there  is  always  enough  time  between  the  two  pulses  for  the 
sample  to  relax  back  to  its  initial  state  ( we  are  not  concerned 
with  the  aging  effect  and  in  this  case,  the  aging  effect  at  high 
field  is  negligible'^).  Hence,  to  a  reasonable  approximation 
the  sample  prior  to  the  pulse  can  be  taken  as  having  been  in 
thermal  depoled  state.  The  driving  electric  field  strength  and 
the  duration  of  the  pulse  should  not  affect  this  initial  sute. 
As  a  result,  the  only  limitation  to  the  final  strain  response  of 
the  sample  is  the  finite  relaxation  time  for  micropolar  do¬ 
mains  to  align  statistically  with  the  applied  electric  field  as 
well  as  the  finite  domain  wail  traveling  speed.  Increasing  the 
electric  field  strength  of  the  pulse  will  speed  up  these  pro¬ 
cesses,^  compensating  for  the  shortened  duration  of  the 
pulse.  However,  in  the  cw  driven  case,  the  strain  response 
would  also  depend  on  the  relaxational  processes  of  the  sam- 


FIG.  1 2.  ( a )  Strain  mponM  to  an  applied  square  puiic  with  increuinf  Aeld 
strcn|ih:  1 1.2.  IS.  and  22  k  V/cm:  (b)  strain  responw  for  square  pulics  of  IS 
k  V /cm  with  different  time  durations:  ( c )  strain  response  at  relatively  weak 
Acid  level  (4.4  kV/cm)  and  long  time  duration  ( I  ms):  (d)  the  railing  edges 
of  the  strain  rcaponsc  curves  to  square  pulses  of  1 1 .2  k  V/cm  with  I4.|is  and 
I -ms  time  durations. 


FIG.  13.  The  strain  level  of  PL2T  9/65/33  as  a  function  of  the  Aeld  strength 
for  the  square  pulse  with  lO-fH  duration  ( curve  1 )  and  the  switch  rise  time 
r,  ofthestrain  response  curve  as  a  function  ofappiied  Aeld  strength  E  (curve 
2).  The  dashed  straight  line  for  curve  2  is  a  linear  Attmg  to  the  data,  and  the 
dashed  curved  line  is  the  Atting  to  the  data  by  using  linear  and  quadratic  two 
terms. 


pie  for  switching  back  under  thermal  agitation  to  the  £  =  0 
state  after  having  been  excited.  Increasing  the  applied  field 
will  not  speed  up  this  returning  process.  At  high  frequency, 
the  sample  is  not  able  to  relax  back  to  its  thermal  random 
state  when  £  =>  0.  This  will  certainly  cause  an  additional 
reduction  in  the  strain  response  of  the  sample  besides  the 
limitation  due  to  the  finite  switching  rise  time.  We  refer  to 
this  as  I'ecovery  limitation.  Therefore,  there  is  a  limit  on  the 
operating  frequency  for  cw  driving;  beyond  this  limit,  the 
strain  loss  of  the  sample  due  to  increased  operating  frequen¬ 
cy  cannot  be  compensated  for  by  increasing  the  applied  elec¬ 
tric  field  strength.  Hence,  the  recovery  speed  should  be  an 
important  criterion  for  high-frequency  material  applica¬ 
tions. 

For  PLZT  9/65/35,  as  shown  in  Fig.  12.  the  fall  time  of 
the  strain  response  curve  is  relatively  short.  At  high  field 
level,  it  can  be  much  shorter  than  3  ^s.  At  frequencies  near  or 
below  1(X)  kHz,  the  dispersion  in  the  strain  response  is  main¬ 
ly  caused  by  the  rising  edge  of  the  curve.  For  cw  dnving  wi  th 
a  16-kV/cm  field,  a  strain  of  0.065%  was  obtained  at  1-kHz 
frequency.  While  with  square  pulse  driving  with  1-ms  dura¬ 
tion,  the  same  strain  level  could  be  obtained  with  a  field 
strength  of  about  1 5  k  V/cm.  The  field  levels  between  the  two 
cases  do  not  differ  too  much.  Hence,  for  PLZT  9/65/35  at 
high  field  level,  the  falling  edge  does  not  impose  a  strong 
limitation  on  the  strain  response  at  a  cw  field  of  moderately 
high  frequencies  (near  100  kHz).  In  other  words,  the  recov¬ 
ery  limitation  for  this  material  is  located  above  100  kHz. 

In  relaxor  materials,  the  polarization  change  of  the  sam¬ 
ple  to  the  applied  field  involves  both  180*  domain  related 
phenomena  (180*  micropolar  domain  flipping,  as  well  as 
1 80*  domain  boundary  motion )  and  non- 1 80*  domain  relat¬ 
ed  phenomena  (non-lSCT  micropolar  domain  rotation  and 
their  boundary  motion,  as  well  as  the  micropolar  domains 
e.xpanding  into  the  paraelectric  region).  Only  the  later  phe¬ 
nomena  contribute  to  the  sample  strain  response.  In  the  nor¬ 
mal  case,  the  response  time  for  these  different  phenomena 
are  not  the  same.  It  is  expected  that  as  the  operation  frequen¬ 
cy  changes,  both  the  dielectric  constant  and  polarization  re¬ 
lated  eiectrostrictive  coefficient  ( )  would  show  disper¬ 
sion.  The  dielectric  constant  will  decrease  with  frequency : 
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however,  the  dispersion  ol  may  not  oe  so  simpie.  it  may 
show  some  irregular  changes  with  frequency  depending  on 
the  relative  response  times  between  the  180*  domain-related 
change  and  non- 180*  domain- related  change.  The  ultimate 
limitation  on  the  strain  response  time  is  the  speed  for  acous¬ 
tic  signal  propagation  through  the  medium.  Near  this  limit, 
the  electrostrictive  coefficient  will  drop  to  zero.  For  most  of 
the  samples  with  dimensions  on  the  orders  of  mm,  this  limit 
seems  to  be  in  the  frequency  range  of  MHz  or  above. 

Also  shown  in  Fig.  1 3  is  the  curve  of  the  relative  switch 
rise  time  as  a  function  of  applied  field  strength  for  pulse 
driving,  where  the  relative  switch  time  /,  is  defined  as  the 
time  needed  for  the  strain  level  to  reach  80%  of  the  total  level 
for  a  O.S-ms  duration  square  pulse.  Among  the  various  sim¬ 
ple  functional  forms  between  r,  and  electric  field  E,  it  is 
found  that  both  expressions  t,  <x.  exp(  —  const  E)  and 
r,  cc  1  /£  can  fit  the  data  points  relatively  well.  As  can  be  seen 
from  the  figure,  at  a  field  above  20  kV/cm,  the  switching  rise 
time  can  be  shorter  than  lO/xs  (at25kV/cmitisabout2^s). 

The  dependence  of  the  switching  rise  time  on  applied 
field  strength  for  PLZT  9/63/35  is  apparently  different  from 
that  observed  in  normal  ferroelectrics,^-^  *  where  the  switch¬ 
ing  time  is  controlled  by  a  two-dimensional  nucleation  pro¬ 
cess  and  by  the  speed  of  transverse  expansion  of  the  domain. 
At  low  field  levels,  t,  x  exp(  —  const/£)  and  at  high  field 
level,  t,  X  l/£.  In  relaxor  ferroelectrics,  there  exists  a  large 
numbCT  of  thermally  active  micropolar  domains.  If  we  as¬ 
sume  that  polarization  switching  in  these  materials  is 
through  the  microdomain  flipping  and  their  boundary  ex¬ 
pansion  into  the  paraelectric  matrix,  under  an  applied  field 
£,  the  probability  for  these  micropolar  domains  to  line  up 
close  the  field  direction  is  proportional  to  exp  ( const  £) 
when  the  field  level  is  below  the  saturation  field.  This  implies 
t,  X  exp(  —  const  £)  as  observed.  A  close  inspection  of  Fig. 
13  also  reveals  chat  the  switch  rise  time  t,  actually  falls  off  a 
little  bit  faster  than  that  described  by  the  function 
exp(  -  const  £).  In  other  words,  the  coupling  constant 
[proportional  to  the  “const”  in  function  exp(  —  const  £)  ] 
is  weakly  field  strength  dependent  and  increases  slightly  as 
the  field  strength  increases.  This  may  be  related  to  the  ferroe¬ 
lectric  cooperative  effect  as  more  micropolar  domains  line 
up  with  the  applied  electric  field.  The  rel^onship  t,  x  l/£ 
also  indicates  that  the  polarization  switch  in  this  relaxor  ma¬ 
terial  is  strongly  affected  by  the  micropolar  domain.  There¬ 
fore,  in  relaxor  materials,  by  inceasing  the  micropolar  do¬ 
main  activities,  the  response  time  of  a  sample  can  te  greatly 
increased.  This  lias  been  demonstrated  in  literature. 

VI.  SUMMARY 

In  this  paper  we  demonstrated  that  by  using  a  modfied 
Mach-Zehnder  interferometer,  the  strain  response  of  a  sam- 


the  dispersion  of  the  piezoelectric  constant  for  soft  PZT  and 
hard  PZT  and  the  dispersion  of  electrostnctive  coefficient  of 
PLZT  9.5/65/35  were  measured.  The  piezoelectric  reso¬ 
nance  found  in  both  PZT  samples  affected  the  dispersion  of 
the  dielectric  and  piezoelectric  constants.  The  pure  mechan¬ 
ical  resonances  in  the  relaxor  material  affect  the  dispersion 
of  the  electrostrictive  coefficient,  but  did  not  have  an  anoma¬ 
lous  effect  on  the  dielectric  dispersion  at  frequencies  below  1 
MHz.  The  switching  behavior  of  the  sample  strain  for  PLZT 
9/65/35  under  square  pulse  driving  was  investigated.  It  was 
shown  that  for  a  high  field  level  (  >  20  kV/cm),  the  switch 
rise  time  for  the  sample  strain  can  be  much  shorter  than  10 
fis.  The  fall  time  of  the  strain  response  curve  is  shorter  than 
the  switch  rise  time  (  <  3  ^s)  and  shows  less  field  amplitude 
dependence  than  the  switch  rise  time,  except  at  low  field 
levels  (  <  5  kV/cm). 
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Laser  Interrerometer  for  Studying  the  Phase  Delay  of  Piezoelectric  Response 
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A  laser  interferometer  is  used  to  study  the  phase  delay  of  the  piezoelectric  response.  The  real  and 
imaginary  part  of  die  piezoelectric  d  coefficients  are  calculated  from  the  measured  strain  amplitude 
and  the  phase  delay  with  respect  to  the  applied  electric  field  for  PZT-5.  The  same  coefficients  are 
also  measured  using  Smits's  iterative  method.  The  results  are  in  good  agreement.  The  phase  delay 

•li 

with  respect  to  the  allied  electric  field  is  also  studied  near  resonance  fir^guencies,  the  result  is  in 
excellent  agreement  with  the  classic  vibration  theory. 

§1  Introduction 

A  very  sensitive  single  beam  laser  interferometer  was  built  up  in  this  laboratory  in  1987.  The 
system  is  capable  of  resolving  the  displacement  down  to  10'^ A  in  the  frequency  range  of  20-2000 
Hz^  Very  recently,  a  double  beam  laser  interferometer  was  built  up  in  this  laboratory  to  measure 
the  displacement  under  higher  frequencies.  The  system  is  capable  of  resolving  displacement 
10*^A  from  SO  Hz  to  MHz  range^.  The  high  sensitivity  is  largely  due  to  the  phase  sensitive 
detection  to  discriminate  the  noise.  However,  for  all  the  farevious  works,  effort  was  only  made  to 
measure  the  amplitude  of  the  strain.  In  the  this  paper  we  report  the  measurement  of  phase  delay  of 
the  piezoelectric  response  using  the  double  beam  laser  interferometer. 


§  2  Fundamental  Principles  and  Experimental  Technique 
2.1  Measuring  system  and  fundamental  principles 

The  schematic  diagram  of  the  douUe  beam  laser  interferometer  is  shown  in  Figure  1.  The 
general  princ^les  aixl  the  descr^tion  of  the  system  were  illustrated  in  an  earlier  ptq>er^.  When  the 
two  beams  ( reference  beam  arxl  the  probing  beam)  interfere  with  each  cUier.  the  light  intensity  at  a 
detection  poim  vs  the  differential  optical  path  of  the  two  arms  can  be  sdiemadcally  illustrated  by 
Figure  2.  To  achieve  high  sensitivity,  we  strdrilize  die  system  at  A  or  B  points  of  the  curve.  Under 
ideal  situation,  the  signal  at  one  stabilized  point  is  in  phase  with  the  applied  dectiic  field  while  that 
at  the  other  point  has  180^  phase  shift  with  respect  to  the  ^lied  electric  field. 

In  the  real  situation,  even  if  the  sanqile  mounting  does  not  introduce  any  extra  phase  shift,  the 
phase  shift  can  be  caused  by  both  the  imaginary  part  of  the  piezoelectric  strain  coefficient  and  the 
detecting  systetiL  To  separate  the  the  contribution  of  the  phase  delay  due  to  the  imaginary  part  of 
the  piezoelectric  strain  coefficient,  we  have  to  subtract  the  contribution  to  the  phase  shift  fiom  the 
detecting  system.  Quartz  has  a  mechanical  Q  well  above  1000  and  virtually  no  dielectric  loss  in  the 
radio  frequency  range^.  Therefore,  the  phase  dday  of  the  piezoelectric  response  of  the  Quaru  can 
be  negleted  compared  widi  diat  of  odier  materials  with  higher  electric  and  mechanic  loss.  If  a 
quartz  sample  is  mounted  properly  so  that  the  mounting  does  not  introduce  any  extra  phase  shift, 
the  phase  shift  measured  by  the  system  can  be  regarded  as  the  phase  shift  due  to  the  detecting 
system.  We  can  then  separate  the  contribution  to  the  phase  shift  due  to  imaginary  part  of  the 
piezoelectric  response  from  the  total  phase  shift: 

6p=aj.-0c  (1) 

where  Op  is  due  to  the  imaginary  part  of  the  piezoelectric  response,  6tj.  is  the  total  detected  phase 

shift  and  6^  is  the  calibrated  phase  shift  using  quartz. 

If  a  sinusoidal  field  is  apfdied  to  the  sample,  the  complex  piezoelectric  coefficient  can  be 
expressed  as: 

d*=d’+jd"=SoeH“‘+0)/EQ6i®>^(So/Eo)eJ®  (2) 

Sqmrating  the  real  and  imagiruuy  part  of  the  piezoelectric  coefficient,  we  have: 


d'=  (So/Eq)cos8 


d*'=  (SQ/EQ)sin9  (3) 


where  (Sq/Eq)  is  the  amplitude  of  the  d  constant  and  6  is  Op. 

Using  a  Lock-in  anqjliiier,  we  can  measure  both  amplitude  and  phase  shift  of  the  induced 
di^lacement ,  hence  we  can  sq)arate  the  real  and  imaginary  parts  of  the  piezoelectric  coefficient. 

2.2  Critical  experimental  elements 

2.2.1  Coherence  improvemeitt  of  the  laser  light 

For  a  multimode  He-Ne  laser  laser,  the  coherence  length  of  the  laser  is  limited  (-30  cm)  due  to 
the  simultaneous  oscillation  of  many  modes  which  satisfy  the  cavity  resonce  condition.  It  appeared 
that  the  coherence  length  of  the  light  and  the  overlapping  in  space  of  the  coherent  wave  packets 
fiom  the  referetKe  and  probing  arm  were  very  important  for  the  sensitivity  and  stability  of  phase 
detectioru 

The  coherence  length  of  the  light  was  improved  by  increasing  the  moiKKhromacity  of  the  light . 
A  heavy  filter  was  used  to  reduce  the  compoiKitt  of  the  lights  with  wavelength  other  than  6328A. 
The  loss  in  the  intensity  of  the  outcoming  beam  due  to  the  filtering  was  com^nsated  by  increasing 
the  driving  field  to  raise  the  signal  above  the  noise  level. 

The  overlqjping  of  the  coherence  wavepackets  from  probing  and  reference  arms  was  inproved 
by  carefully  matching  the  optical  path  lengths  of  probing  and  reference  arms.  The  lengths  of  the 
two  arms  were  measured  and  matched  by  adjusting  the  translation  stage.  In  the  experiment,  we 
found  that  the  sensitivity  and  stability  of  the  phase  detection  was  improved  as  the  differential  optical 
path  length  decreased. 

2.2.2  Overlapping  in  ^ace  of  reference  and  probing  beams 

In  the  space  between  the  beam  splitter  and  photodetector,  the  reference  and  probing  beams  are 
recombined  by  the  beam  flitter.  Under  the  static  condition  ( reference  mirror  and  sample  do  not 
deform).  It  is  relative  easy  to  overiap  the  two  beams  between  the  BS  and  the  detection  plane. 
Even  this  is  done  perfectly,  the  two  beams  may  still  dislocate  with  teqject  to  each  other  during  the 
deformation  of  the  sample  or  reference  mirror  if  the  two  beams  are  not  arranged  properly  in  the 


reference  and  probing  aims.  Qearly,  this  is  caused  by  the  fact  that  the  beams  are  not  sirickly 
perpendicular  to  the  reflecting  surfaces.  When  the  surfaces  deform,  not  only  the  optical  path  lengths 
change,  but  the  beams  deviate  from  the  original  positions.  If  this  hqipens,  difficulty  arises  in  the 
stability  of  phase  detection.  It  is  very  difiGcultto  prevent  such  a  deviation  from  occuring  under  the 
repeated  deformation  of  the  sanqrie  and  the  reference  mirror.  The  two  reflecting  surfaces  of  the 
sanqde  have  to  be  made  strickly  parallel  and  careful  aligranent  of  the  beams  is  necessary  to 
accon^ish  that. 

2.2.3  Sample  preparation  and  mounting 

The  samples  were  cut  into  bar  shape  with  the  length  of  the  bar  more  than  four  time  the  width 
and  thickness.  The  two  ends  of  the  bar  were  carefully  polished  and  partially  electroded  by  gold 
sputtering  for  the  purpose  of  light  reflection.  Snudl  coated  miiTors  could  also  be  attached  to  the 
ends  of  the  bar  for  the  reflection  purpose.  The  sanqile  was  mounted  in  a  manner  shown  in  Figure 
3.  The  length  of  the  contact  between  the  sample  and  the  sample  holder  was  kept  under  10%  of  the 
length  of  the  bar.  It  was  found  that  when  the  contact  tengthwas  larger  than  this  ratio,  the  clamping 
effect  would  affect  the  i^iase  shift .  For  die  sample  measured  at  the  resonance  firequeiKies  the 
length  of  the  bar  was  made  more  than  six  time  the  width  and  thickness  of  the  bar  to  obtain  the  pure 
mode.  Epoxy  was  used  to  adhere  the  sample  to  the  sample  holder. 

2.3  Smits's  iterative  method 

To  confirm  the  result  obtained  by  die  optical  method,  we  used  Smits's  iterative  method  to 
determine  the  teal  and  imagituuy  parts  of  the  piezoelectric  strain  coefficients.  In  this  technique,  the 
admittance  of  the  resonator  was  measured  as  a  function  of  fiequency,  the  values  near  the  resonance 
frequencies  were  used  to  calculated  the  real  and  imagituuy  piezoelectric,  elastic  atxl  dielectric 
constant  solving  the  simultaneous  equations  using  the  iterative  method.  The  detail  of  this 
technique  was  clearly  described  by  Smits^-  In  our  experiment,  the  sample  was  cut  to  plate  sh^ 
(lengthrwidth:  diicknes=10:2: 1),  the  admittance  of  die  ceramic  resonatoi;^as  measured  by  an 
impedance  analyzer  (Hewlett  Packard  ).  A  conqjuter  program  was  written  to  calculate  the 
coefficients  using  the  iterative  method^. 


§3  Measurement  on  PZT-5  Ceramic  Samples 


Figure  4  shows  the  phase  shift  6^  of  PZT-S  as  a  function  of  frequency.  Since  the  values  are 
negative,  the  strain  lags  behind  the  driving  electric  fidd.  It  must  be  remembered  that  there  is 
another  180**  phase  difference  between  the  applied  electric  field  and  the  strain  due  to  the  negative 

value  of  d3{.  This  is  obvious  and  thus  not  included  in  0^.  For  frequency  above  IkHz,  the  errors 

for  the  measurement  with  attached  minrors  and  without  mirrors  are  5%  and  10%  respectively. 
Below  IkHz,  the  error  is  larger  due  to  the  low  frequency  noise.  Qearly  the  sanq>le  with  mirrors 
attached  to  the  ends  exhibits  greater  {rfiase  shift  dian  that  without  mirrors.  Symbol  A  stands  for  the 
value  measured  by  Smits's  methods,  cleariy  the  value  is  in  a  better  agreement  with  the 
measurement  without  the  attached  mirrors,  the  mass  of  the  mirrors  affects  the  phase  shift  although 
it  does  not  affect  the  amplitude  significandy . 

Figure  5  shows  the  real  and  imaginary  parts  of  the  [  coefficient  as  a  function  of  frequency. 

Again,  both  the  teal  and  imaginary  parts  of  the  piezoelectric  coeffrcients  from  the  strain 
measurement  and  Smits  method  ate  in  good  agreement. 

Figure  6  (a)  shows  the  amplitude  of  the  tranverse  displacemoit  ( the  displacement  perpendicular 
to  the  applied  electric  field)  and  fdiase  shift  as  a  ftmction  of  frequeix^  at  piezoelectric  resonance 
frequencies  for  a  long  PZTS  piezoelectric  ceramic  bar  (l=S.6cm).  The  ataplitude  pealts  appear  at 
fundamental  and  third  hatmonic  resonance  frequencies.  The  peak  at  the  third  harmonic  frequency 
is  much  lower  than  that  at  the  fundamental  frequency  because  of  the  increased  damping  at  higher 

frequency.  0^  decreases  180^  at  the  fundamental  frequency,  then  comes  back  at  the  second 

harmonic  frequency  and  drops  again  by  180^  tu  third  harmonic  frequency.  It  appears  that  the  phase 
shift  drops  at  the  odd  harmonic  and  rises  at  even  harmonic  frequencies. 

To  confirm  that  the  phase  delay  at  tesotuuice  frequencies  is  as  illustrated  in  Figure  6(a).  we 
calculate  the  phase  shift  of  the  displacement  at  the  end  of  the  bar  with  respect  to  the  applied  electric 
field  in  terms  of  vibration  theory.  Very  similar  to  the  derivation  of  Cady^,  we  derive  the  phase 
shift  to  be  determined  by : 


cot0p=-sin((ol/V'^)/(<xl/V^)  (4) 

where  ^  is  the  wave  velocity  under  consumt  electric  field  and  a?«a/2Qg,(Q„  is  the  mechanic 

quality  factor).  For  PZT-S,  V®  and  are  2794  m/s  and  70  respectively^.  For  the  bar  (l=5.6cm) 
used  for  the  measurement,  the  {rfiase  shift  was  calculated  acccmling  to  eq.  (4).  The  calculated  pahse 
shift  and  measured  phase  shift  are  illustrated  in  Figure  6(b),  they  are  in  excellent  agreement. 
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The  cHcci  of  the  piezoelcethc  phuM:  angle  on  an  equivalent  electric  circuit  of  a  piezoelectric  resonutur 
is  discussed.  A  new  equivalent  circuit  is  derived  which  containx  components  associated  with  the  pie- 
zuelecirically  coupled  energy  losses.  The  impedance  of  the  derived  equivalent  circuit  is  ni  cscellent 
agreement  with  the  experimentally  determined  inipedance  of  a  piezoelecinc  ceramic  resonator  having 
a  signiticani  pKZoeleetrtc  phase  angle. 

Keywords:  equivalent  electric  circuit,  piezoelectric  relaxation 


1.  INTRODUCTION 

In  the  pust  several  years  there  has  been  increased  interest  in  relaxation  ot  the 
piezoelectric  properties  of  some  single  crystals,'  ceramics.-  and  coiii|X)sitc  nunc- 
rials. '  Although  the  piezoelectric  relaxation  in  these  materials  is  not  yet  fully  under¬ 
stood,  it  is  clear  that  it  does  not  originate  from  an  independent  loss  mechanism  in 
the  material,  but  is  a  result  of  an  electromechanical  coupling  between  the  dielectric 
and  mechanical  losses  operating  in  the  material.''  A  particularly  interesting  con¬ 
sequence  of  this  coupling  is  that  the  piezoelectric  contributions  to  the  total  energy 
dissipation  in  a  material  may  be  either  positive  or  negative,  depending  on  the  sign 
of  the  piezoelectric  phase  angle.^ 

In  the  vicinity  of  the  resonant  frequency,  the  relevant  properties  of  a  piezoelectric 
resonator  may  be  described  by  an  equivalent  electric  circuit.  In  practice,  the  usage 
of  equivalent  circuits  greatly  simplifies  the  analysis  and  design  of  piezoelectric 
transducers.  The  equivalent  circuit,  in  standard  form,  for  an  unloaded  resonator 
is  shown  in  Figure  la,  and  contains  components  which  are  associated  with  the 
mechanical  losses  (/?,)  and  dielectric  losses  (R^)  in  the  resonator." '  Land  ei  al.,^ 
have  noted  that  a  resonator  with  a  nonzero  piezoelectric  phase  angle  cun  no  longer 
be  represented  by  the  standard  equivalent  circuit  or  its  simple  generalization  in 
which  the  resistors  R,  and/or  are  replaced  by  a  scries  of  two  resistors,  one  of 
which  would  then  account  for  the  piezoelectricaily  coupled  energy  losses.  Martin" 
also  discussed  the  effect  of  the  piezoelectric  losses  on  an  equivalent  circuit  of  a 
resonator,  however,  a  new  equivalent  circuit  which  would  contain  elements  asso¬ 
ciated  with  the  electromcchanically  coupled  energy  dissipation  processes  was  not 
derived. 

In  a  recent  study  of  ceramics  based  on  lead  titanate,  which  exhibit  highly  ani¬ 
sotropic  piezoelectric  properties,"  a  significant  piezoelectric  phase  angle  associated 
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ell  cun  in  die  linnl  ifl,  -•  0. 


with  the  trunsverse  (</,,)  piezoelectric  coctTicient  was  observed.  Some  relevant 
material  properties  of  the  lead  titunute  ceramics  moditied  with  samarium  used  tor 
this  study  are  given  in  Table  1.  In  the  course  of  this  work  an  attempt  was  made  to 
derive  an  equivalent  circuit  which  included  the  elements  that  represented  the  pie* 
zoeleetrically  coupled  energy  losses.  With  the  relatively  large  piezoelectric  phase 
angle  of  our  lead  titanatc  based  ceramics,  we  were  able  to  compare  the  impedance 
of  the  derived  equivalent  circuit  with  the  measured  impedance  of  the  resonator. 
In  addition,  these  modified  lead  titanatc  ceramics  exhibit  a  change  of  sign  of  the 
real  component  of  dyy  with  temperature,  while  the  imaginary  component  of  </,, 
remains  the  same  in  sign."*  Thus,  the  piezoelectric  phase  angle  changes  its  sign 
with  temperature,  permitting  us  to  observe  whether  the  derived  circuit  is  sensitive 
to  the  sign  of  the  piezoelectric  phase  angle. 


2.  derivation  of  the  CIRCUIT  AND  DISCUSSION 

For  simplicity,  the  bur*shaped  resonator  (Figure  2).  with  an  electric  field  |K'r)K‘n- 
dicular  to  the  length  of  the  resonator  is  considered.  For  a  ceramic  resonator,  the 
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Property 

Symbol  (units) 

Coinposiiliun 

(Pb„..Sm„, 

..)(Ti„«Mn,.„.)0, 

Lattice  constants' 

a  (A) 

J  ')l)2 

t  (A) 

4.072 

Density- 

p  (kg/m*) 

7420 

Transition  temperature-' 

T,  rc) 

310 

Elastic  properties 

Poisson  ratio 

<r(-) 

0.177 

Elastic  complianee 

7.65  X  10 

Mechanical  quality  factoH 

WJO 

Dielectric  properties 

Relative  dielcx'lric  permittivity' 

t'.ye..(-) 

175 

Dielectric  loss  lacior" 

IMiS,  (-) 

0.01 

Piezoelectric  properties 

Transverse  coefficient 

d„  (ON) 

0.27  X  10 

Longitudinal  coefficient 

d„  (C/N) 

60  X  10  " 

Piezoelectrie  loss  factor' 

r««6,,  (-) 

0.15 

Planar  cou|iling  cuelficient 

(-) 

O.lltl.tK 

Transverse  coupling  cuelficient 

(*•) 

0.0025 

Thickness  coupling  coeflicient 

*.(-) 

0.45 

'  Point  gruup  4nun 
■  41%  of  (he  ihcureiieal 
'  Cubic  to  (eiragonal  (Vmin) 

‘  Q.,  “ 

'  a(  1  kHz;  r,.  «  S.KJ  x  |U  '•  F/m 
"  .It  I  kH^;;  iuti6.  »  r’Jfu 
’  laiii,,  » 


FIGURE  2  Piezociuciric  bur  rcsunaior.  The  lop  and  buliom  surtacck  are  eleciruded. 
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direction  ot  polurizatiun  is  purutlcl  to  the  driving  electric  ticld  which  is  applied 
purullel  to  r-uxis.  The  admittance  Y  ot  such  a  resonator  which  oscillates  in  the 
transverse  mode  is  given  by:“ 


Y  = 


2wd-;, 


tan 


u)/V 


ID 


where  /.  i  and  iv  arc  the  length,  thickness  and  width  ot  the  bar.  respectively,  and 
p  its  density,  t'l  is  the  dielectric  permittivity  at  constant  stress  T  and  v',,  is  the 
elastic  compliance  at  constant  electric  tield  £.  The  superscripts  £  and  T are  omitted 
hereattcr  tor  simplicity.  Near  the  resonant  trequencies.  Equation  (1)  can  be  ap¬ 
proximated  by:'- 


wherc  summation  goes  over  n  =  1,  3,  5,  .  .  .  and  n  is  the  number  ot  the  overtone. 
In  order  to  describe  the  ettects  ot  energy  loss  on  the  resonator's  impedance,  it  is 
necessary  to  introduce  the  complex  elastic  and  dielectric  coetficients:  s',,  =  si,  - 
/ill  and  cu  =  -  /V’ii.  Similarly,  in  order  to  account  for  the  ettects  of  pie¬ 

zoelectric  coupling  on  total  energy  losses,  the  piezoelectric  coetticient  is  also  as¬ 
sumed  to  be  complex;  </,,  =  di,  -  /</3,.  The  ratio  then  defines  the  tangent 
of  the  piezoelectric  phase  angle.  Equation  (2)  can  be  simplified  by  defining  the 
fundamental  resonant  frequency  as  w,-,  =  ir^//-p4!|  and  writing  (/ti/in  =  Reds  *■ 
Hindi.  Thus,  one  obtains,  near  the  fundamental  resonance  (//  ==  1); 


Y  =  iu)(t  '  -  Rfds)  -y  +  u/ft"  ■+•  Imdi)  ^ 


o  ,  ,  /  ,  D  -  ;;W\ 

(31 

where  tl  =  (w,-,  -  M  =  .vi|/.il,  and  assuming  w’/w,-,  =»  I.  A  further 

manipulation  ot  Equation  (3)  leads  to; 


Y  =  /w(e  -  Reds)  —  -t-  mU  +  Imds)  —  +  m  — r  £« 
.  I  t  nr 


I  n  -  iM  \ 
\il-  +  iM-j 


+ 


Rw/ ,  ,  , 

M  — 7  (umd.\) 
nr 


(4) 


The  third  term  in  Equation  (4)  can  be  written  in  terms  of  the  components  of  an 
electric  circuit  in  the  following  way; 


Y3 


(S) 
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where  R,  -  MltiiC,.  C\  =  liwlRetls/itr  and  L,C,  =  l/w,-,.  Asexpeeled,  ihe  resist¬ 
ance  /?,  is  associated  with  the  mechanical  losses,' '  and  the  product  ot  the  inductance 
L,  and  the  motional  capacitance  C,  detincs  the  resonant  trequency  ui,,.  Similarly, 
the  first  term  defines  the  clamped  capacitance  C„  »  -  Re(ls)lwli  and  the 

second  term,  related  to  the  dielectric  losses,  is  represented  by  \/R,  =  + 

lnnh)lwli. 

The  last  term  in  Equation  (4)  is  proportional  to  the  third  term  with  the  propor¬ 
tionality  constant  being  i{lmdslReih).  Therefore,  one  can  use  the  following  ab¬ 
breviations:  R\  =  R,li(lmds/Reds),  H  =  L,li{lmdslReds)  and  Ci  =  i(Imdsl 
Reds)Ci  and  the  last  term  in  Equation  (4)  may  be,  then,  rewritten  as: 

Y4 - — ^ - —  (b) 

'■  "  ii) 

A  simple  calculation  shows  that  the  admittance  in  Equation  (4)  is  identical  to 
the  admittance  of  the  electric  circuit  shown  in  Figure  lb,  with  its  components 
defined  as  in  the  text  above.  In  the  limit  </!(,  — »  U,  the  impedances  of  the  standard 
equivalent  circuit.  Figure  la,  and  the  new  one.  Figure  lb,  coincide,  assuming 
ui'/biji  «  1.  It  is  interesting  to  note  that,  although  the  values  of  the  "resistance'Vfl, 
“capacitance"  C!  and  “inductance"  Li  are  purely  imaginary  numbers,  the  total 
impedance  Z^  =  HYt  of  the  corresponding  brunch  of  the  new  equivalent  circuit 
may  still  be  expressed  in  the  same  form  as  the  impedance  Zj  -  l/T,  of  the  /f,-C,- 
L,  branch  (compare  Equations  5  and  6).  In  fact,  the  imaginary  part  of  the  Z4,  R'l 
=•  i{lititb/Reds)Rt,  is  now  simply  a  reactive  component  added  in  parallel  to  the 

X  10*^ 


FIGURE  3  Admiiunce  loop  for  a  (Pb,  Sai)TiO,  rcsoouior  ai  6U*C.  The  ciivlusj[g{ir^'nt  L-xpcrimvniul 
liau,  uml  Ihe  curves  u)  umi  b)  coninpond  10  udmiitiince  of  ihe|}|j|g||gQj|fSn!ravwV,‘auivuleni  circuit, 
rcspeeuvuly.  Dimeiisioils  of  Ihe  rcsoouior  are:  I  •  I.43S  x  lU  -  m,  w  •  1.454  x  III  '  ni,  r  •  I.W 
X  lU  '  in,  p  •  742U  kgm  The  values  of  the  rulevaiil  cuel'ficienu  are:  .vi,  -isi',  >  x  III 

-  it. 171  X  10  m-VN.  J\,  -  (d>,  -  6.703  x  to  "  -  i6.3IM  x  10  C/N.  ►  >,  -  i«;,  -  1.612 
X  10-'  -  i6.764  X  10- F/m. 
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impedance  of  the  standard  circuit.  The  real  component  of  which  now  contains 
C\  and  Z.i,  is  a  frequency  dependent  resistive  term,  added  in  parallel  to  the 
impedance  of  the  standard  circuit,  in  which  the  resistance  Z?,  also  depends  on 
frequency  (/?i  =  Af/wC,)." 

Two  examples  were  chosen  to  illustrate  the  validity  of  the  new  equivalent  circuit. 
The  admittance  of  a  piezoelectric  resonator  made  of  lead  titanate  ceramics  modified 
with  samarium  is  measured  at  two  different  temperatures."  The  sample  was  poled 
at  8(1  kV/cm.  At  these  temperatures,  +60*C  and  -  ISU®C,  ihc  piezoelectric  phase 
angle  of  the  examined  resonator  was  positive  and  negative,  respectively.  Figures 
3  and  4  show  the  admittance  (T  =  C  +  iB,C  -  conductance.  B  -  susccptance) 
loops  of  this  resonator.  The  circles  represent  experimental  points.  Curve  (a)  is 
calculated  using  the  new  equivalent  circuit  in  Figure  lb  while  curve  (b)  is  obtained 
using  the  standard  equivalent  circuit  shown  in  Figure  la.  The  values  of  the  complex 
piezoelectric  d^,  elastic  r,,  and  dielectric  coefficients  were  calculated  using  an 
iterative  methud"  from  the  experimental  data"  and  these  cocfllcicnts  were  used 
to  calculate  the  components  of  the  equivalent  circuits  in  Figures  la  ((/3|  =  U)  and 
lb.  It  is  clear  (hat  the  derived  circuit,  as  opposed  to  the  standard,  accurately 
describes  the  admittance  of  the  investigated  resonator,  by  taking  into  consideration 
the  piezoelectric  phase  angle.  The  new  equivalent  circuit  is  also  sensitive  to  the 
sign  of  the  piezoelectric  phase  angle. 

Finally,  it  is  interesting  to  see  the  effect  of  the  piezoelectric  phase  angle  on  the 
power  dissipation  of  the  derived  circuit.  The  power  dissipation  P  over  one  cycle 
is  given  by  /*  ■  (,UJ„  cos  ^)/2.  wherel/  ■  U,,  exp(iuti)  and  /  =  /„  e.rp(iur  +  »t») 
are  the  AC  driving  voltage  and  current  across  the  resonator,  respectively.  It  follows 
that  P  “(f/?,  Real  (\IZ,m),  where  the  Z,„,  is  the  total  impedance  of  the  circuit. 
Tlicn: 
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P  a  Real(l/Z,„,)  =  - 

/??  + 


The  origin  ot'  the  lusit  term  in  Equation  (7)  is  in  the  piezoelectric  coupling  between 
the  dielectric  and  mechanical  losses  in  the  resonator.  Depending  on  the  sign  of  the 
ratio  hndsIRetls  (which  in  turn  depends  on  the  sign  of  the  piezoelectric  phase  angle, 
and  frequency,  this  piezoelectric  contribution  to  the  power  dissipation 
may  be  either  positive  or  negative.  The  above  result  agrees  with  the  predictions 
made  by  Holland^  and  Mezheretskii'^  that  the  eicctromcchanically  coupled  losses 
in  a  piezoelectric  material  may  increase  or  decrease  the  total  energy  dissipation. 


tCUIT  OK  A  KltZOELECTRlC  UAK  KESONA  l  OR 

R, _ 


J _ I 

R,  hnds 


- 


UiC, 


hnds  i  /  1  \- 

Reds  -  -r  ) 


(7) 


3.  SUMMARY 

in  summary,  we  have  derived  an  equivalent  circuit  of  a  piezoelectric  bur  resonator 
which  c.xhibits  a  significant  piezoelectric  phase  angle.  It  is  experimentally  verified 
that  the  new  circuit  is  necessary  for  an  accurate  description  of  the  impedance  of 
such  a  resonator  near  its  resonance.  The  predictions  that  the  piezoelectric  contri¬ 
butions  to  (he  total  energy  los.scs  in  a  piezoelectric  resonator  may  be  either  positive 
or  negative  are  confirmed  by  calculating  the  power  dissipation  in  the  derived  circuit. 
The  new  equivalent  circuit  is  sensitive  to  the  sign  of  the  piezoelectric  phase  angle. 
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TEM  STUDIES  OF  Pb(Mg„3Nb2,,)0,-PbTi03 
FERROELECTRIC  RELAXORS 

A.  D.  HILTON.  C.  A.  RANDALL.+  D.  J.  BARBER  and  T.  R.  SHROUTt 
Dept.  Physics,  University  of  Essex.  Wivenhoe  Park,  Essex.  U.  K. 

tRecened  Aufusi  29.  }988l 

TEM  was  used  to  observe  nanoscale  microstructural  changes  which  occur  over  a  ranee  of  PMN-PT 
compositions  Increasing  PT  additions  to  the  PMN-PT  solid  solution  modify  ferroelectric  and  structurally 
ordered  domains.  The  relevance  of  nanosiructural  changes  to  the  corresponding  dielectric  properties 
are  briefly  discussed. 

Keywords:  transmission  electron  microscopy,  ordering,  perovskite.  ferroelectric, 
morphotropic  phase  boundary. 


1.  INTRODUCTION 

Pb(Mg,  iNb;  jlOy-PbTiOjI PMN-PT)  solid  solutions  exhibit  a  range  of  ferroelectric 
properties  dependent  on  composition.  Solid  solutions  low  in  PT  content  show 
diffuse  frequency  dependent  Paraelectric  (PE) — Ferroelectric  (FE)  phase  transi¬ 
tions  charactenstic  of  relaxor  ferroelectrics.  Such  compositions  have  potential  ap¬ 
plications  in  electrostrictive  and  piezoelectric  devices.  The  behavior  of  relaxor 
ferroelectrics  is  usually  attributed  to  an  underlying  heterogeneous  distribution  of 
B  site  cations  over  the  perovskite  lattice.  Microregions  of  varying  B  cation  com¬ 
position  have  different  transition  temperatures  and  cause  a  smearing  out'  of  the 
PE-»FE  phase  transition.'  A  size  distribution  of  microregions  gives  rise  to  a  die¬ 
lectric  dispersion  within  the  radio  frequency  range,  a  feature  also  charactenstic  of 
relaxor  ferroelectrics.  Microregions  which  have  undergone  the  PE-*FE  transition 
spontaneously  polarize  parallel  to  (111)  crystallographic  directions  (when  the  low 
temperature  ferroelectric  symmetry  is  rhombohedral)  and  are  then  referred  to  as 
polar  microregions.  Polarization  vectors  in  each  region  are  randomly  oriented  in 
the  bulk  and  can  be  thermally  switched  to  any  of  the  8  equivalent  (111)  directions. - 
If  the  thermal  energy  of  the  system  is  sufficiently  reduced,  the  polarization  vectors 
of  the  polar  microregions  can  be  stabilized  and  polar  microdomains  develop.  Un¬ 
poled  relaxor  ferroelectrics  exhibit  optical  macroscopic  isotropy  below  the  Curie 
temperature.  However,  when  an  external  field  is  applied,  a  relaxor  becomes  ani¬ 
sotropic  and  macroferroelectric  domains  are  observed  to  form. 

Increasing  the  PT  content  to  the  PMN-PT  solid  solution  is  accompanied  by  the 
onset  of  more  ‘normal'  ferroelectric  behavior.  ‘Normal'  ferroelectrics  exhibit  a 
sharp  PE-»FE  phase  transition  at  the  Curie  temperature.  On  cooling  through  the 
Curie  temperature  spontaneous  dipoles  form  and  align  within  macroferroelectric 
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domains  to  give  regions  of  uniform  polarization.  These  domains  arrange  themselves 
within  the  bulk  in  order  to  minimize  the  free  energies  associated  w  ith  depolarization 
fields  and  strain. 

At  about  35  mole  PT^  the  PMN-PT  phase  diagram  exhibits  a  morphotropic 
phase  boundarv'  (MPB).  Below  35  mole  %  PT.  the  transition  to  the  ferroelectric 
phase  is  accompanied  by  a  lowering  of  symmetry  from  cubic  to  rhombohedral. 
Above  35  mole  Cr  PT.  the  low  temperature  ferroelectric  phase  is  tetragonal.  How¬ 
ever.  the  MPB  composition  varies  with  temperature. 'Thus  on  cooling  compositions 
which  lie  close  to  the  MPB.  tetragonal  and  rhombohedral  symmetries  can  develop 
successively.  PMN-PT  compositions  near  the  MPB  are  both  of  technical  and  sci¬ 
entific  interest  since  anomalously  high  electrostrictive  coefficients  are  known  to 
exist  in  such  compositions.' 

PMN-PT  solid  solutions  have  the  perovskite  crystal  structure.  The  possibility  for 
structural  ordering  in  many  Pb(BiB|.l')Oj  perovskites  exists  since  more  than  one 
cation  shares  the  B  site.  The  tendency  to  order  arises  if  B'  and  B"  cations  vary  in 
ionic  size  and  valance.  In  this  case  ordering  tends  to  reduce  the  total  strain  and 
electrostatic  energy  respectively  of  the  lattice.’  Ordering  takes  place  by  the  diffusion 
of  constituent  B  cations  to  neighboring  B  sites.  The  2a.,  x  2a„  x  2a„  (where  is 
the  lattice  parameter)  FCC  superstructure  which  results  can  be  detected  by  electron 
diffraction.  In  addition,  the  distribution  of  structural  order  can  be  revealed  by  TEM 
dark  field  (OF)  imaging  of  superlattice  reflections.  The  existence  of  short  range 
1:1  order  of  B'  and  B"  cations  in  PMN  has  already  been  established  using  TEM 
high  resolution^  and  OF  techniques.' 

Though  the  dielectric  and  piezoelectric  properties  of  PMN-PT  solid  solutions 
have  been  thoroughly  investigated,  few  studies  on  the  associated  nanostructures 
have  been  reported.  This  paper  aims  to  correlate  the  results  obtained  on  the 
nanostructures,  observed  by  TEM,  in  various  PMN-PT  compositions,  to  the  rel¬ 
evant  dielectric  propenies. 


2.  EXPERIMENTAL 

Ceramic  discs  were  prepared  via  the  Coiumbite  route  in  order  to  minimize  py- 
rochlore  formation."  These  discs  were  mechanically  polished  to  a  thickness  of  about 
30  |xm  prior  to  atom  beam  milling  at  SKV  in  order  to  obtain  thin  TEM  samples. 
Microstructural  observations  were  made  on  a  JEOL  200  CX  TEM.  Low  temper¬ 
ature  observations  were  possible  using  a  Hexiand  liquid  nitrogen  cooled  stage. 


3.  RESULTS  AND  DISCUSSION 
J.I  Ferroelectric  Domains 

Figure  1(a)  exhibits  a  bright  field  (BF)  image  of  the  relaxor  composition  0.93  PMN- 
0.07PT  at  -  170“C.  On  heating  the  mottled  contrast  quickly  disappears.  Figure 
1(b)  is  a  bright  field  image  of  the  same  area  as  shown  in  Figure  1(a)  after  a  short 
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FIGURE  1(a)  Monied  coniraM  observed  at  -  170“C  in  0  93PMN4».07PT.  Dark  area  ( ~Stt  nm  in  viae) 
are  associated  with  polar  microdomains 


peritKl  of  being  radiated  by  the  electron  beam.  This  exhibits  a  complex  array  of 
macro-ferroelectric  domains.  High  contrast  x-ray  film  was  required  to  record  the 
mottled  contrast  in  Figure  1(a)  since  the  transformation  to  the  macro-domains 
observed  in  Figure  1(b)  took  place  almost  instantaneously  under  the  electron  beam 
irradiation.  The  dark  areas  (~80nm  in  size)  observed  in  Figure  1(a)  are  believed 
to  originate  from  the  dynamical  contrast  associated  with  the  stabilization  of  micro- 
polar  regions.  Radiation  with  the  electron  beam  is  believed  to  both  locally  heat 
and  strain  the  sample.  Heating  the  sample  causes  the  micropolar  domains  to  become 
thermally  unstable  and  the  contrast  disappears.  The  simultaneous  application  of 
stress  (caused  by  the  electron  beam  bending  the  specimen  foil)  aligns  polar  vectors 
and  macro-ferroelectric  domains  develop  (1(b)).  A  similar  micropolar- macropolar 
transition  has  also  been  obsened  in  a  TEM  study  of  8.2'7(l  .30  PLZT.'' 
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FIGURE  2  Complex  macropolar  domain  structure  observed  in  0.8PMN-(I  2PT  ai  -  Pii'C. 


It  is  interesting  to  note  that  no  polar  microdomains  were  obsersed  in  relaxor 
PMN  at  low  temperatures.  This  is  possible  if  the  micropolar  domains  are  thermally 
switching  or  if  the  spontaneous  distortions  of  the  dipoles  are  too  small  to  be 
detected. 

Figure  2  shows  a  BF  image  of  complex  macrodomain  structures  obsersed  in 
0.8PV1N*0.2PT.  No  polar  microdomains  could  be  imaged  in  this  composition.  How¬ 
ever  the  complex  configuration  of  the  macrodomains  may  imply  the  existence  of 
many  nucleation  sites  and  thus  the  early  presence  of  polar  microdomains.  This 
situation  may  also  be  complicated  funher  by  surface  depolarization  effects  that 
exists  in  thin  foils. 

Figure  3  shows  a  BF  micrograph  of  macro  ferroelectric  domains  observed  at 
room  temperature  in  0.6PMN-0.4PT.  This  composition  is  close  to  the  MPB  and 
exhibits  a  'normal'  PE-»FE  phase  transition.  Both  90°  and  180°  domains  are  present . 
The  90°  domains  are  twinned  on  {110}  planes  and  alternate  domains  have  different 
widths. 


FIGURE  9(1-  and  IHU'  domains  obsersed  in  li,bPMN-<l.4PT  ai  room  temperature.  ..Mternate  vti 
domain  widths  are  approximaiels  2l)nm  and  4i>nm  rcspcctivels . 


TEM  STliDIES  OF  PMN-PT 
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FIGURE  4(a)  Stnicturally  ordered  domains  observed  in  PMN  (-bnm  in  size). 


FIGURE  4(b)  (1  IU>  SADP  associated  with  Figure  4(a).  The  superlaitice  F  spots  are  indicated. 


3.2  Structurally  ordered  domains 

Figure  4(a)  exhibits  light  domain  contrast  ~6nm  in  size,  observed  by  dark  field 
(DF)  imaging  the  {3/2,  3/2. 3/2}  superlattice  refleaion  in  PMN.  These  domains  are 
believed  to  be  associated  with  regions  of  short  range  1:1  ordering  of  magnesium 
and  niobium  cations  on  the  perovskite  lattice.  The  superiattice  reflections  (F  spots) 
are  indicated  in  the  (110)  selected  area  diffraction  pattern  (SADP)  shown  in  Figure 
4(b).  With  increasing  PT  content  to  PMN  the  ordered  regions  are  observed  to 
reduce  in  size.  Associated  with  this  reduction  in  size  is  a  weakening  of  intensity  of 
the  F  spot.  Figure  5  exhibits  the  (110)  SAPD  observed  in  0.6  PMN-0.4PT.  In  this 
composition  the  F  spot  is  undetectable  which  signifies  a  statistically  homogeneous 
disorder  of  magnesium  and  niobium  cations  over  the  lattice. 

The  implications  of  1:1  B  cation  order  in  Pb(BlBM.»)Oj  perovskites  when  x  » 
1/3  (as  in  the  case  for  PMN)  are  unclear.  In  x  »  1/2  perovskites  1:1  ordering  of 
B'  and  B“  cations  is  expected  to  reduce  the  variation  between  local  chemistry  and 
bulk  stoichiometry.  In  PMN.  regions  of  1:1  shon  range  order  of  Mg  and  Nb  ions 
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FIGURE  5  (MO)  SADP  in  0.6MN-0.4PT.  The  F  spots  are  absent. 


deviate  from  bulk  stoichiometry  and  necessarily  result  in  volumes  rich  in  Mg  (or¬ 
dered)  and  separate  regions  rich  in  Nb  (presumably  statically  disordered).  Thus, 
in  the  absence  of  compensating  charge  effects,  huge  space  charges  would  be  gen¬ 
erated  in  the  lattice  between  ordered  and  disordered  regions  (with  effective  positive 
and  negative  charges  respectively).  Even  though  it  would  appear  that  it  is  ener¬ 
getically  favorable  for  Mg  and  Nb  ions  to  order  (from  electrostatic  and  strain 
considerations)  only  limited  short  range  order  is  observed,  even  after  prolonged 
annealing.  It  is  proposed  that  any  space  charges  generated,  during  the  1:1  ordering 
of  Mg  and  Nb  ions,  limit  the  degree  of  order  obtainable  and  an  equilibrium  size 
of  ordered  domains  is  reached  when  the  lattice  is  no  longer  able  to  compensate 
for  such  charges. 

Titanium  ions  also  occupy  B  sites  in  the  PMN-PT  solid  solution,  and  since  PMN- 
PT  compositions  exhibit  a  progressive  decrease  in  B  site  order  with  increasing  PT 
additions  it  is  possible  that  Ti  ions  dilute  the  electrostatic  and  strain  interactions 
between  Nb  and  Mg  ions,  thus  reducing  their  tendency  to  order. 


3.3  Microstruaural:  dielectric  property  relations 

Figure  6  shows  the  dielectric  behavior  near  the  PE-»FE  transition  temperature  for 
a  range  of  PMN-PT  compositions.  Qearly  more  'normal'  ferroelectric  behavior  is 
associated  with  increasing  PT  content,  llie  existence  of  polar  microdomains  ob¬ 
served  by  TEM  in  the  0.93  PMN-0.07PT  relaxor  composition  supports  early  theories 
regarding  polarization  mechanisms  in  relaxor  materials.  In  the  same  composition 
the  micropolar — macropolar  domain  transition  has  been  observed  and  followed 
'in  situ'.  This  serves  to  simulate  the  isotopic/anisotopic  behavior  observed  in  such 
compositions  on  application  of  an  electric  field. 

With  increasing  FT  content  only  macroferroeiectric  domains  are  observed,  char¬ 
acteristic  of  'normal'  ferroelectrics.  This  trend  is  reflected  in  the  dielectric  curves 
shown  in  Figure  6. 


DIELECTRIC  AND  PYROELECTRIC  PROPERTIES  OF  PMN-PT 
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HGURE  S  Pyroelectric  coefficient  vs  temperature  for  various  compositions  in  the  (1-x)  PMNuPT 
solid  solution. 


PMN;PT  can  be  suitably  adjusted  for  the  room  temperature  pyroelectric  applica¬ 
tions.  In  the  present  studies  we  focussed  on  the  MPB  compositions  especially. 

In  most  cases  like  in  the  dielectric  data,  two  major  anomalies  corresponding  to 
the  phase  transitions  cubic  -*  tetragonal  rhombohedral,  were  observed. 

Figures  S  and  6  show  the  pyroelectric  coefficient  and  the  plots  of  polarization, 
respectively,  for  various  compositions  in  the  (1-x)  PMN-xPT  solid  solutions  as  a 
function  of  temperature.  Pyroelectric  coefficient  increases  with  mole%  PT.  How¬ 
ever,  for  X  more  than  ~  0.325,  the  pyroelectric  coefficient  decreased.  The  com¬ 
position  with  the  maximum  pyroelectric  coefficient  and  polarization  P,  (Figure  7) 
might  be  at  the  morphotropic  phase  boundary  similar  to  that  observed  in  the  K  vs 


FIGURE  6  P,  vs  T  plots  for  ( 1-x)  PMNixPT  system. 
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MOLE  FRACTION  OF  PT 

FIGURE  7  Maximum  and  room  temperature  polarization  values  as  a  function  of  mole  fraction  of 
PT. 

T  studies.  The  broadening  of  the  peaks  in  the  pyroelectric  coefficient  vs  temperature 
plots  may  be  due  to  the  coexistence  of  the  ferroelectrics  and  paraelectric  phases. 
The  presence  of  two  peaks  in  the  p  vs  T  similar  to  that  of  K  vs  T  (Figure  8)  data 
could  be  due  to  the  slight  curvature  in  the  MPB  boundary.  The  spontaneous 
polarization  decreases  gradually  with  increasing  temperature,  but  does  not  vanish 
at  the  transition  temperature  of  the  solid  solution.  This  is  typical  of  a  relaxor 
ferroelectric.  It  is  expected  that  the  micro-regions  of  ferroelectric  and  paraelectric 
coexist  in  the  transition  region  near  the  transition  temperature.  The  maximum 
pyroelectric  coefficient  is  observed  at  the  compositions  x  ~~  0.3-0.325  as  shown  in 
Figure  5. 


CONCLUSIONS 

The  largest  dielectric  constants  are  found  at  the  composition  x  0.30-0.325  mole% 
of  PbTi03.  The  magnitude  of  dielectric  constant  before  and  after  poling  changes 
very  little  for  the  composition  near  the  MPB.  Anomaly  in  the  plot  of  the  transition 
temperature  vs  mole  fraction  of  PbTiOs  was  observed  at  the  composition  x  =  0.30- 
0.325. 

Maximum  peak  value  to  the  pyroelectric  coefficient  was  observed  for  x  -  0.325. 
The  pyroelectric  coefficient  vs  temperature  plots  showed  two  anomalies  similar  to 
those  of  dielectric  data.  This  suggests  the  possibility  of  the  curvature  in  the  mor* 
photropic  phase  boundary  in  the  PMNiPT  system. 

Maximum  values  of  the  spontaneous  polarization  was  observed  for  .r  -  0.30- 
0.325.  It  has  been  shown  in  the  present  study  that  ferroelectric  solid  solution  of 
PMN:PT  with  composition  close  to  the  morphotropic  phase  boundary  exhibit  the 
high  dielectric  constant  and  relatively  superior  pyroelectric  properties. 

Based  on  the  present  dielectric  and  pyroelectric  studies  the  morphotropic  phase 
boundary  in  the  system  PMN.PT  possibly  exists  at  x  -  0.30-0.325. 
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X-ray  studies  in  an  attempt  to  establish  the  proposed  curvature  in  the  morpho- 
tropic  phase  boundary  is  in  progress. 
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EI«ctrottrletlv«  and  Dialoetrlo  Rotponsa  in 
Uad  Magnaslum  Nlobat«-L«ad  Tltanata  (0.9PMN  •  0.1PT) 
and  Load  Lanttianum  Zlreonota  Tltanota  (PUT  9.3/65/35) 
undar  Variation  of  Tomporaturo  and  Bootrio  Bold 

Qiming  Zhang,  WUyi  Pan,  Amor  Bhalla,*  and  Leslie  E.  Cross* 

Motertols  Ueseoren  Lobofolotv.  The  Pennsylvanio  Store  Universitv, 
Umvefsty  Pork,  Pennsylvania  16602 


In  site  maaMramanls  of  cteetrotti1ctl*a  strain  and  cffactitra 
dMactric  constant  for  ttao  forroalactrfc  rtiaaar  matariali,  itad 
~Hniiiam  niobata  load  Utanaia  (0.9PMN  0.1PT)  and  had 
lanthanoHi  dreonata  titanata  (PL2T  9.S/6S/3S).  wara  par* 
fonnad  in  Iha  iamparatara  raafta  aaar  thair  raapactiyo  aMoa 
Curia  paints  undar  tha  variation  of  appHad  alaetric  flaM.  Tha 

troatrictlso  rotWIrianls  ara  not  constant  undar  variatfon  of 
temporatars  and  Uactric  (laid.  Tha  ahaarvad  tnamaly  in  (2* 
indirataa  tha  dynandc  hahnvior  of  Iha  adcfopalar  do* 

mains  and  ha  coopllnp  to  focal  dafaet  stnactaro.  Tha  data  also 
support  tho  Moa  that  at  taaiporatnraa  far  ahovo  tha  amaa 
Curia  point,  tharc  h  stiM  a  suhatantfoi  amaant  of  adcropofor 
dooaain  and  tha  raapoaao  of  tha  ratanor  amlariais  at  iha  as* 

lions  dna  to  indacod  polarizatfoa  and  adcropoiar  domain 
fllpphip  [Kay  srords:  had,  lanthanum,  lircoaato,  titanata. 


UNUK6  nomul  ferraelectiKS.  which  have  well-deflaed  Cune 
temperatures  to  separate  the  fetroeleciric  and  paraclectnc 
phases,  relaxor  ferroelectrics  exhibit  a  broad  itaasition  peak  in 
the  weak-field  dielecttic  constaat.  This  kind  of  matiiion  behav¬ 
ior  is  often  referred  to  as  diffused  phase  traasiiioo  (OPT)  in  the 
liietaiure."  A  distmci  feature  of  OPT  in  the  case  of  fertoelecmc 
relaxor  maienals  is  the  frequency  dependence  of  the  weak-field 
dielectric  constant  nuximuro  T,.  and  upon  increasing  the  fre¬ 
quency.  T,  shifts  upward  with  a  reduced  dielectric  constaiu  maxi¬ 
mum.  This  appar^y  cannot  be  relaiad  to  the  inmasic  phase 
transitioo  of  pboaoa  softening.  It  is  proposed  that  tha  relaxor  ma* 
letiais  can  be  viewed  as  having  a  strong  breakdown  of  the  tram* 
laiioaai  synua^  arisi^  from  local  compositional  fluctuations, 
and  related  to  it  there  is  a  distribution  of  tho  Curie  temperature 
over  a  wide  tempetanire  range  from  difforem  individual  micro- 
volumes.''’  Each  microvolums  it  fetroahctric  in  oatoio  at  a  tern* 
pcniuie  below  its  T,  and  at  a  givea  (cmpamonn  a  rdaxor  material 
It  an  asaambiy  of  fetroehcafc  and  parmh^  microiegiom.  Thus 
the  DPT  in  such  materials  can  be  recognized  as  a  relaxor  phase 
transition  (RPT). 

Direct  experimental  evidence  which  supports  this  imctpretation 
IS  from  the  measurement  of  the  tempstaiuie  dependence  of  the  re¬ 
fractive  index  ntn  and  soaia  riT)  of  fonoalactric  iclaxon.*’  These 
retulo  show  that  both  /hT)  and  rfD  deviam  ftom  tha  expected 
linsar  temparatum  dapendance  of  purs  parmloctric  behavior  and 
such  daviahona  occur  ■  temparatuwa  far  above  T,.  Thamfora.  it  is 
imamniiig  to  ask  what  it  the  dynamie  behavior  of  tha  system  and  to 
what  extant  dom  it  depend  on  the  existing  micropoiar  domamt. 


In  this  paper,  we  report  an  in  situ  electrosaictive  and  dielectric 
snidy  of  two  typical  relaxor  materials:  lead  lanthanum  zuconaie 
titanaie  (PLZT)  of  composition  9.S/6S/3S  and  lead  magnesium 
niobate-lead  titanata  (0.9PMN-0. IPT).  These  measurements 
were  carried  out  at  temperatures  from  below  T.  to  far  above  that, 
in  a  region  of  great  interest  ftom  both  a  theoretical  and  practical 
poim  of  view,  and  with  variation  in  the  ampliturle  of  the  measured 
electric  field.  We  will  show  that,  relaied  to  the  dielectric  anomaly, 
there  is  an  anomaly  in  the  strain  response  behavior.  On  the  basis 
of  the  concept  of  RPT,  we  will  discuss  the  fuocoon  of  differem 
components  in  the  relaxor  materials,  the  dynamics  of  the  micro- 
polar  domains,  as  vvell  at  the  effect  of  local  defects  on  polanzauon 
vector  flipping. 

The  electrotiiictive  coefficients  ate  defined  by 

1,  ■  M^E^Ei  (la) 

"  QyMEtP,  (lb) 

where  s„  are  the  strain  componenu  and  and  are  the 
eleciiotirictive  coefficients  related  to  the  electric  field  £  and  po- 
lanzation  P  of  the  sample.  In  the  later  discussion,  these  elec- 
trostnetive  coefficients  are  represented  by  M  and  Q.  Using  the 
convennon  that  or  or  (m.  n  «  1 . 2. 3),  m  our 

experimental  case  where  only  ,tfn  (Qu)  and  M,:  (Q,i)  were  mea¬ 
sured.  the  following  equations  are  used: 


The  effectve  dielectric  constant  in  our  measurement  is  defined  as 
e  -  P^/»nE^  (3) 

Hence,  in  a  weak  field,  it  is  the  dielectric  consiam  in  the  normal 
sense,  and  in  a  strong  field,  it  is  a  measure  of  the  averaged  dielec¬ 
tric  response  of  the  sample  when  there  ate  a  polarization  hysteresis 
loop  a^  a  nonlinearity. 


I  Na  twin.  awUvm  Aynl  13.  I9M:  ammori 
by  eii  Otlisi  of  Nivit  ttSiiea. 

AflMMi  Cmmm  SonMf , 


0.9PMN '  0. 1 PT  ceramic  samples  used  in  our  expenment  were 
made  by  the  conventional  sinrering  process  and  these  samples  were 
free  from  an  aging  effect.  PLZT  9.3/65/33  samples  were  trans¬ 
parent  (hot-pressed)  ceramics,  which  showed  an  aging  effect.  We 
chose  these  twe  materials  for  this  investigaiion  because  both  samples 
have  r,  near  and  above  room  temperamre.’  *  which  is  suitable  for 
the  study  usmg  our  experimental  setup.  Alto  these  materials  ate 
widely  used  in  acnimor  and  electrosBiaive  devices.  Hence  knowl¬ 
edge  of  the  electrottrictive  response  of  these  samples  at  various 
temperatures  and  in  various  electric  fields  is  desirable. 

In  the  strain  meatutemetus,  all  of  the  samples  were  polished 
on  one  surface  to  optical  quality  and  sputtered  with  gold  on  both 
sides  to  form  electrodes  arul  reflection  surfocas.  These  samples 
were  mounted  on  a  temperature  stage  capable  of  varying  tem¬ 
perature  ftom  room  temperature  to  about  200*C.  The  temperature 
stability  of  the  system  is  about  0.3*C.  Because  of  a  sample  bond- 
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proMcm  M  high  mupmoae*.  our  acpwimtot  wat  iiiwad  to 
pwMuwi  btiow  190*C.  A  laMT  marfuomaHr  wo  uod  for 
tmia  uMOunmna.  wfeich  ho  boa  detcribad  in  aa  eariier 
ar.’  The  hi|b  reaoiuiion  of  the  interferometer  tedoeo  the  data 
tteiiag  in  the  etoetrostriedve  coefRcient  oieasureiiient  eom- 
td  to  that  taken  with  other  lechniquo  and  (his  mako  accutate, 
ntitiiive  memuements  ponible. 


The  meoutement  of  the  diclectne  response  wo  made  with  a 
modified  Sawyer-Tower  eircnit.  In  ihe  week-field  cao.  a  lock-in 
ampiiiiei*  wo  used,  and  in  the  snan|-6eld  cao.  a  digitued  oscil¬ 
loscope  wo  used  to  lead  the  dau.'  Both  the  stiau  and  the  dielec¬ 
tric  leapono  of  the  laopk  weo  meaaiaed  rimuhanaously  to  avoid 
the  problems  of  temperaniie  uacenainty.  sample  aging,  and  an 
electric  field  poUng  effect. 

In  the  weak-fieM  meattnements.  the  typical  sample  thickaess 
wo2mmferboihPLZr9.S/65/3S  and0.9PMN  O.IFT  samples. 
For  the  strong  fieid.  thinner  samptes  were  used  and  the  thicknos 
of  the  sampio  wo  0.4  mm.  In  the  measutemems  with  venation 
in  the  amplitude  of  the  electric  field,  all  of  the  dau  were  taken 
following  a  sequence  hum  a  low-field  level  to  a  high-field  level  to 
avoid  a  possible  hyiteresis  effect  However,  we  found  that  in  some 
caao  even  if  Mu  and  c  change  harauie  of  hysteresis  at  tempeia- 
tuics  below  r.,  the  fin  obtained  seem  not  to  show  any  obvious 
change  foam  the  in  sioi  measurement. 

m.  Baeirfli 


(1)  RatalUfarO.9PMN  9.irr 


The  week-field  fin  and  M,i  o  a  fonctioo  of  temperature  are 
shosvn  in  Rg.  I.  The  measuihig  field  level  wo  190  V/cm.  T^ 
induced  strain  corresponding  to  that  svo  below  10*'  The  choice 
of  such  a  measuring  field  amplinide  svo  for  the  reason  of  expen- 
mental  convenience.  Upon  raduciag  the  field  level,  we  did  not 
observe  <*—g««  in  either  fin  or  Mn.  But  large  chango  in  both 
Mil  and  fill  with  lemperamre  svere  observed.  For  Mn.  this  be¬ 
havior  svo  eapacted  bacauo  of  in  coupfing  to  the  dMecsic  con¬ 
stant  which  ho  a  large  variarion  naar  r«.  Tha  maaimum  of  Mn 
coiaeido  svith  sveak-field  diefectiic  constam  maximum  T.  and 
ho  a  value  of  S.95  x  10*"  mVv’  The  minimum  of  fin  lies 
about  10*C  above  T.  (w3S*0  and  its  value  is  18  x  lO*’  tti'/C'. 
The  valuo  may  ba  reproducad  within  2fe  enor. 

fill  and  a.  subjected  to  a  change  in  the  ac  field  level,  were 
maaamed  at  tamparanno  below  T..  naar  T..  and  above  T..  Them 
dam  SR  ptooad  in  f^.  2.  At  2S*C.  the  dMecsic  constant  ineieased 
svith  an  incraoe  in  the  field  amplitude,  and  near  3  kV/cm,  it 
almost  doubted.  After  that,  the  affective  dMaetric  constant  de- 


- - OHO 

then  an  ineraao.  At  a  flaM  level  of  16  kV/cra.  fi,,  had  a  value  of 
21. S  X  10*’  raVC’.  close  to  the  earlier  measured  value  ’  In  the 
ether  tempai^  oans.  chango  in  both  fi,.  and  a  were  much 
smaltar  le  the  field  range,  o  shown  in  Fit  2  At  tot 

fi  dTSJ/SE'Sil'Zim  i*  tt  a  field  level  of 

fui. 


oniT  rT'"*"  On  aho  so 

90^C.  Ib  Pi®  3  rt  ^  BBW  fOOn  IHIpMHR  ID 

•^1-  J.  e,i,  fi„,  o  sveU  o  fit.  svhich  is  deflaad  o 
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0  SO  100  ISO 

T«me«ratur*  CCI 

Fig.  4.  Q„  <nd  M„  u  a  fiinctioa  o(  tempmun  for  PLZT  9  5/6S/33. 
The  dau  wen  (akcn  ii  a  frequency  of  400  Hx  and  a  Tield  anpliiude  of 
210  V/cm.  The  curve  labeled  C  (Oi  is  Q„  iM„)  and  data  poina  wen 
taken  on  wanrnng  up  and  (be  curve  labeled  x  ( *  i  is  (Mn)  and 
dau  wen  taken  on  cooUng  the  lainple  from  the  high  tempinranin.  The 
diffennca  berween  the  two  curves  is  due  to  the  aging  efnct. 


Qt  *  Qii  'Qii-  ptocied  wiih  tbrnpcnnue.  is  the  electro- 
sthcove  cocfficieni  aisonaind  with  sample  volume  smm.  It  is  evi- 
dem  from  the  fi|um  that,  unlike  Qu  and  Qu.  d,  does  not  show  an 
anomaly  at  tempemtures  near  the  minimum  of  Q,  u./  •  1.2). 


2«.9  2T.2  za 

0„(l0'’i"Vc‘l 

Fig.  S.  Effect  of  sample  aging  on  the  relation  be¬ 
tween  0„  and  M,,  for  PLZT  9  5/65<3.s  at  32“C  using 
210  V/cffl  ac  fleld  at  400  Hz. 


Qi,  in  the  heahng  cycle  occurred  near  40°C.  lower  than  T, .  How¬ 
ever.  the  minimum  in  the  cooling  cycle  was  shifted  to  a  tempera¬ 
ture  above  r,.  Since  it  took  about  20  min  to  record  a  dau  point, 
the  dau  taken  in  the  cooling  cycle  were  in  a  constant  aging  proc¬ 
ess.  In  Fig.  S.  we  plot  the  aging  effect  on  iVf,,  and  Qn  at  32°C.  It 
can  be  seen  that  Qn  compaied  to  Afu  decreases  faster  at  Tirst  and 
then  Mil  decreases  faster  than  Qn-  'Hie  implication  of  this  will  be 
discussed  later. 


(2)  RettHafdrnZTiSliSm 
The  weak-field  •  210  V/cm)  Mi,  and  Q„  coeffleienu 
versus  temperaium  am  shown  in  Fig.  4.  Tte  induct  strain  level 
I]]  under  this  field  is  of  the  order  of  I.S  x  lO'*.  It  is  interesting 
to  note  that,  besides  the  variatioo  of  M„  and  Qn  with  tempeianim. 
the  dau  taken  from  warming  up  and  cooling  down  showed  differ¬ 
ent  values  below  80*C.  This  is  apparently  related  to  the  aging  of 
the  sample.*  The  warming  dau  were  taken  on  a  well-aged  sample 
(aged  at  room  temperature  for  several  months).  The  rmnunum  for 


The  measurement  of  Qi,  under  a  strong  electric  field  was  also 
performed  for  frequencies  from  0. 1  to  100  Hz  at  several  tempen- 
tures.  In  Fig.  6,  strain  versus  squam  of  the  polaiization  is  plotted. 
The  linear  relation  Indicates  that  the  strain  ts  electrosthetive  in 
nanim.  Cu  taken  from  the  slope  is  plooed  as  a  funcuon  of  frequency 
for  the  three  temperatures  in  Fig.  7.  A  very  weak  temperature  and 
frequency  dependence  can  be  seen  and  this  change  is  similar  to 
the  behavior  observed  in  the  case  of  weak-field  measurements. 

Compared  with  0.9PMN  0.  IPX  dau.  the  change  m  both  fin 
and  Mu  with  temperature  for  PLZT  9.S/65/3S  is  much  smaller. 
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ai  a  stioni  field  level. 


Thu  H  fclued  to  (he  smaller  changes  in  (he  dielectric  coostants 
with  temperature. 

The  evolution  of  the  electrosthctive  coefficients  from  weak 
field  to  strong  field  for  several  temperature  points  is  shown  in 
Fig.  8.  Again,  in  contrast  with  0.9PMN 'O.IPT.  where  the  di¬ 
electric  constant  and  (he  electtostiictive  coefficient  change  in  op¬ 
posite  directions,  the  PLZT  9.5/65/33  sample  showed  an  increase 
in  Q,i  as  the  effective  dielectric  constant  increased.  It  is  most  ob¬ 
vious  ui  the  room-temperanite  scan,  where  an  abrupt  increase  in 
occufied  in  fields  between  2  and  3  kV/cm.  We  did  not  observe 
saturation  in  the  effective  dielectric  constant  at  a  field  level  above 
17  kV/cm.  fill  wu  also  measured  at  room  temperature  with 
vanauon  in  field.  An  increase  in  the  magnitude  of  fin  with  field, 
similar  to  that  in  fin.  was  also  observed,  as  shown  in  Rg  8  The 
value  of  fill  is  close  to  the  values  reported  by  Meng  «  al. How¬ 
ever.  because  of  the  limitauon  of  the  instrument,  the  measurement 
did  not  give  a  reliable  fin  value. 

In  Table  1.  some  of  the  fi„  coefficienu  are  listed  for  (he  two 
samples  with  the  weak-field  (WK)  and  strong-field  (SF)  measure¬ 
ments  at  several  temperatures. 

IV.  ObctisiiM 

The  observed  anomalous  behavior  of  fi,  with  temperature  and 
field  appears  not  to  be  due  solely  to  the  intrinsic  propeities  of  the 
sample.  By  assuming  that  there  exist  micropolar  domains  which 
are  actively  coupled  to  the  external  field  and  contribute  to  the 


various  response  fimctions  of  the  sample,  the  dau  can  be  under¬ 
stood  consistently. 

From  the  idea  of  local  Curie  temperature  distribution,  we  expea 
that  the  samples  in  our  experimental  temperamre  range  will  be 
composed  of  three  differem  micro  regions:  region  I.  where  the  local 
Curie  temperature  is  far  below  the  measuring  temperature  To: 
region  11.  where  the  local  T,  is  near  but  below  To;  and  region  III. 
with  the  local  Tr  >  To.  Region  I  is  the  pure  paraelectric  phase 
region  where  no  phase  transitions  can  be  mduced  by  the  external 
field.  Region  II  will  show  a  kind  of  field-induced  transition. 
even  if  in  the  relaxors,  such  transition  may  be  highly  smeared  in 
nanire.  Region  HI  is  the  region  with  micropolar  domains.  The  re¬ 
sponse  behavior  of  a  sample  from  the  fust  two  regions  is  usually 
called  intrinsic  and  the  response  due  to  existing  domain  flipping 
(or  nmneling)  is  called  extrinsic. 

If  we  are  concerned  only  with  the  response  from  the  first  two 
regions  of  the  sample,  taking  0.9PMN  -  0. 1  FT  as  an  example,  it 
would  be  reasonable  u>  think  that  fin  should  increase  with  tempera¬ 
ture  in  the  temperamre  range  from  just  below  T.  to  the  highest 
local  Curie  temperature.  The  overall  response  of  the  sample  from 
these  regions  is  a  statistical  averaging  over  all  of  the  local  regions 
Region  U  will  have  a  large  weight  factor  since  it  is  more  softened 
to  (he  external  field  than  region  I.  From  recent  refractive  index 
measurement  results,  the  highest  local  Curie  temperature  of 
0.9PMN  'O.lPT  is  approximately  equal  to  Tr  of  pure  PbTiO,." 
For  regions  rich  in  PMN.  there  will  be  a  large  resistance  to  the  ap¬ 
pearance  of  spontaneous  polanzauon  and  these  regions  will  have 
a  lower  local  Curie  point  (T.  for  PMN  is  below  ci°C). 

The  two  end  members  of  0.9PMN  0.  IPT  have  quite  different 
fi,,  coeffiaents.  fi„  for  PMN  ceramics  is  about  19  x  10'*  mVC“  '' 
For  ceramic  PbTiOj.  no  direa  data  are  available.  Based  on  av¬ 
eraging  of  the  single-crystal  data.  Haun  ei  al.  '*  calculated  the 
value  of  fin  for  ceramic  PbTiO)  to  be  between  22.8  x  lO"'  and 
36.5  X  10*’  m*/C’  Regions  with  higher  Cune  temperatures  will 
have  a  larger  fi,,  compared  to  the  regions  with  lower  Cune  tem¬ 
peratures.  This  consideration  is  consistent  with  the  earlier  work 
reponed  by  Jang’  on  PMN-PT  compositions  with  vanous  PbTiO) 
contents.  On  the  average,  an  increase  m  the  value  of  fin  with 
temperature  from  the  imnnsic  regions  for  0.9PMN  •  0. 1 PT  may  be 
expected.  In  general,  an  mtnnsic  fi„  distnbution  will  exist  in  the  re- 
laxor  matenals.  Such  distnbution  should  affect  the  suain  response 
of  the  sample  with  temperamre. 

For  the  micropolar  domains,  there  are  two  differem  polar-vector 
Hipping  processes  taking  pan  in  the  mechanical  suau  properties: 

(I)  180*  flipping,  which  does  not  produce  any  strain  change,  and 

(II)  non-180*  flipping,  which  changes  the  strain  of  the  sample.  If 
(he  polarization  change  involves  induced  polarization  (P. )  plus 
pure  180*  domain  flipping,  using  Eqs.  (1)  or  (2)  to  calculate  the 
(^served  fi  (fi,«>.  a  smaller  value  will  be  obtained,  i.e. 


n|.t.  Rtidanipliwdt  dapwdwciwofOn  rndQuand 
ihTtflbeave  dMmnreoMM  e  to  Ptir  9.3/65^/35: 
(a)  Cm  and  f  at  U*C.  (b)  Cu  «  23*C.  (c)  fin  Md  *  at 
S4*C.  aad  (d)  On  and  e  ai  I0I*C. 
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-  Qjp/py  ,4) 

'*hefs  /*,  is  (he  total  polarixatioii  change,  i  is  the  induced  strain, 
sod  Qt,  is  the  imrinsic  Q.  Since  P,>P,.  therefore  <  Q...  In 
the  teiaaor  iMserials  used  in  out  experiment,  both  ISO*  and  non*  180* 
domain  flipping  should  be  present.  For  the  sake  of  simplicity,  we 
Stan  with  a  single  crystal  of  tetragonal  structure.  Assuming  its 
protoiypic  cubic  phase  has  a  lattice  parameter  a.  in  the  tetragonal 
ferroelectric  pliaM.  the  lattice  parameters  ate  c  >  a  Al,  and 
b  w  a  -  lit.  Cotresponding  to  that,  the  strain  will  be  if]  >  ^IJa. 
and  ifi  *  -llja.  For  domain  flipping  from  a  fully  thermally 
depoled  state,  the  initial  P  »  Q  state  has  an  averaged  lattice  con¬ 
stant:  a»  >  a  -»■  (l/3)A/,  -  i2/3Uf2.  If  ive  auume  that  all  of 
the  domains  are  aligned  along  the  fleld  diiectioa  after  switching 
lalong  one  of  the  c  axes),  then  it  is  a  single  domain  crystal.  The 
strains  produced  by  domain  fitppmg  horn  a  fully  ihermally  depoled 
state,  therefore,  are 

i„  -  (2/3)1?,  +  (2/3)if,  (5a) 

i„  -  -(1/3)1?,  +  (1/3)1?,  (5b) 

It  Is  clear  that  ll\  >  lllj.  Even  for  a  fiilly  poled  single-crystal 
relaxor  material.  Qi,  should  be  smaller  than  that  of  the  intrinsic 
one  and  the  Q, 2  wUl  be  larger  in  magnitude  than  the  intrinsic  value 
of  Qt}.  For  ceratiucs.  averaguig  from  the  single<rystal  Q  coeffi¬ 
cients  IS  the  same  for  the  intrinsic  Q„  and  (he  domain  flipping 
produced  Q, .  The  conclusion  obtained  above  should  still  be  valid. 

The  observed  strain  and  the  didecsic  responses  are  the  combined 
contributions  (a  weighted  averaging)  of  two  parts,  the  intrinsic 
and  the  exorinsk.  and  they  are  coupled  to  each  other  through  the 
strucnire  of  the  relaxors.  The  anomaly  observed  In  the  Qi,  curve 
(Fig.  I)  IS  a  clear  indication  of  strong  mkrapolar  domain  activities. 
Therefore,  (hose  domains  ate  in  a  dynamic  sure.  However,  in 
0.9PMN'0.  IPT.  in  the  temperature  range  studied,  the  observed 
Q,i  has  a  rninunum  value  around  18  x  lO'’  mVC'  and  a  maxunum 
value  of  26.5  x  10*’  m‘/C‘  when  using  the  strong  field.  This 
maximum  may  not  be  the  highest  value  of  Q,,  for  0  9PMN  0  IPT. 
This  land  of  increasing  trend  in  Q,,  values  is  difficult  to  explain 
if  we  assume  only  extrinsic  contn^uon  changes  with  tempera¬ 
ture.  h  may  involve  an  increase  in  (he  inuinsic  Q,,  with  tempera¬ 
ture  as  discussed  above  and  it  may  also  be  due  to  the  different 
barrier  distribution  for  ISO*  and  non- 180*  microdomain  flipping 
processes,  as  will  be  discussed  below.  The  variation  of  Q,,  in  the 
highest  temperature  (I08.5*Q  scan  with  field  is  consistent  with 
the  lefriKtive  index  measurements  and  at  f  >  there  still  exist 
substantial  amounts  of  micropolar  domains  forming  so-called 
polar  glassy  states.’ 

The  variation  in  both  Q,,  and  c  for  PLZT  9.5/65/35  is  much 
smaller  compared  with  that  of  0.9PMN  0.  IPT.  This  may  be  due 
to  the  less  active  micropolar  domains  in  PLZT  near  f,.  As 
shown  in  Fig.  9.  there  is  an  energy  barrier  distribution  for  mi¬ 
cropolar  domain  tunneling  (flipping).  A  sharp  distribuuon  in  the 
barrier  may  correspond  to  whu  has  been  observed  in  the  case  of 
0  9PMN-0.  IPT  and  a  broad  disinbution  apparently  reduces  the 
weight  of  the  micropolar  domain  contributions  to  the  total  re¬ 
sponse  of  the  sample  near  T,.  This  results  in  a  smaller  change  in 
the  quantities  measured.  This  may  also  offer  an  explanation  for 
the  high  saturation  field  observed  in  the  PLZT  samples. 

At  a  measuring  temperature  To.  one  of  the  factors  affecting 
the  energy  barrier  distribntioa  for  the  micropolar  domain  tunnel¬ 
ing  is  the  local  Curie  tempanture  distribution.  It  is  conceivable 
that  the  domaim  with  tT,>  To  will  have  a  higher  barrier  than 
(has  of  the  dtnneiaa  with  T,  near  To  il  they  have  the  same  micro- 
voturiN.  Pram  dda  scenario,  we  would  expam  that  maximum  domain 
actrirtiy  (micropolar  domain  tunaeiing)  occurs  at  a  temperature 
Just  below  dm  locai  Curie  tempemtum  peak.  This  may  produce  a 
muufflumofr.Qoranaarbuibelowr..  However,  the  oberva- 
don  of  0.9PMN  •  0. 1^  and  nonagad  PLZT  9  5/65/35  seems  in- 
fonsisiani  wWi  this  consideration,  where  T,Q  lies  above  T,.  We 
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Table  1.  for  0.9PMN  O.IPT  and  PLZT  9.5  65/35  at 
Selected  Temperatures 


(Ai  0  9PMN  O.IPT 


a,  I*  lO"  mV'Ci 

Cwir* 

25'C 

It.  ST  S7  J’C 

IU«  5’C 

WFO,, 

wf(2,2 

WFO. 
SF  0.1 

20.3 

-7.7 

4.9 

21.5  (16  kV/cm) 

18.6  218 
-6.3  -7.0 

6  7  8 

23 

26.5  1 18  5  kV/cm) 

(B)  PLZT  9.5/65/35 

a.,  I'lO-'  mVC 

1 

Coelf* 

’2*C 

)l  S*C  54*C 

lOI  5’C 

WTQ, 
WF  0,2 
SF  On 

26.4 

-9.5 

28.7  (IS  kV/cm) 

26.3 

27.4 

28.5  (15  kV/cm). 

29  2  117  kV/cm) 

stMdt  for  weak  field  aod  SF  for  sinmi  field  The  field  levels  axe  indicated 
putfitheset  foltowmi  the  Q,i  velucs. 


believe  that  this  discrepancy  is  caused  by  the  fact  that  m  these 
samples,  there  is  both  180*  and  non- 180*  micropolar  domain  flip¬ 
ping.  Since  the  former  process  has  a  larger  polarization  vector 
change  and  the  latter  process  involves  femeiasuc  switching,  it  is 
possible  that  the  ninneling  barriers  for  the  two  processes  are  dif- 
ferem  and  this  difference  in  the  barrier  distribution  may  also  be 
tempennite  dependent.  Therefore,  a  maximum  rauo  of  180*  domain 
flipping  to  non- ISO*  domain  flippuig  may  produce  a  minimum  in 
observed  {i.j  >1.2)  and  this  minimum  does  not  necessarily 
coincide  with  f. .  On  the  other  hand,  the  domain  flipping  process 
does  not  produce  a  volume  change.  This  makes  insensitive  to 
how  the  micropolar  domain  reorients  and  Eq.  (di  is  valid  for  Q,, . 

The  aging  effect  observed  in  PLZT  9.5/65/35  is  possibly  another 
manifestauon  of  this  barrier  difference  for  the  two  processes.  The 
flipping  barrier  for  the  non- 180*  process  is  higher  than  that  of  the 
ISO*  process.  At  the  fust  stage  of  aging,  there  are  more  non- 1 80* 


Fig.  9.  Schematic  drawing  of  the  energy 
benwr  diimbunaa  for  the  mctopotar  domein 
in  the  rtlaxon.  (a)  shows  a  lalau'vely  sharp 
distribution  which  may  i:orrespoad  lo  the 
tlaw  ia  0.9PMN' O.IPT:  (h)  a  broad  dism- 
bunoo  will  laduoe  tha  comribunon  from  the 
micropolar  domsia  to  the  raspoosa  of  the 
sampla  naw  T.. 
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polar  domain  flipping  processea  involved,  causing  larger  change 
in  Oil  compared  with  (he  laier  stages  of  the  aging  process.  In  the 
tempecMUR  scan,  agjng  causes  reduced  non- p^ar-vector  flip¬ 
ping  and  this  takes  the  nonimum  in  On  to  below  r, .  In  the  voltage 
scan,  as  the  appUed  field  amplitude  increases,  this  fetioelastic- 
relaied  Cippug  can  gain  enough  energy  to  overcome  the  baaiier  and 
coaihbuie!i  to  the  response  of  the  sample.  The  increase  in  0«  with 
increased  a  seems  to  be  consistent  with  this  picture.  From  eariier 
snidy  of  the  a^ing  effect  in  relaxon.*  the  local  defect  saucnncs  pin 
the  minopolar  domains  and  in  the  Pl^  sample  studied  this  pinning 
effect  IS  different  for  diffierem  domain  reorientatioo  processes. 

Based  on  the  data  presented  above  and  our  analysis,  it  is  clear 
that  the  small  value  of  Q  observed  in  relaxor  materials,  to  a  large 
extern,  is  due  to  the  existing  micropolv  domains.  From  the  dis¬ 
cussion  here,  it  seems  to  be  possible  to  separate  the  micropolar 
domain  contribution  to  the  response  of  the  sample  from  the  in¬ 
trinsic  one.  Further  experiments  on  simpler  relaxor  materials  like 
SBN.  where  only  180*  domain  flipping  exists,  will  be  interesting 
and  worthwhile. 
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DIELECTRIC  RESPONSE  AND  ITS  RELATION 
TO  THE  ELECTROSTRICnON 
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(Rtetntd  tS  Marth  1988) 

Based  on  Landan-Devooshire  theory,  the  effect  of  elastic  stress  upon  the  dielectiic  response  is 
aaalyaed  for  fcnoelectric,  aatiferroeiectrie,  and  relaior  ferraelectiic  materials.  It  is  shown  that 
besite  the  direct  couplinf  bettreen  stress  and  polaiizaiioo  which  leads  to  the  thermodynamic 
equivaleace  to  dtreet  efcctroetfictioo,  an  eatni  couplhn  oocurs  in  systems  with  non-aeto  polarization. 
In  feiroekcttic  and  antiferroelectiic  materials  the  eibct  is  quite  stniphtfotward  and  relations  are 
derived  between  stress  coeillcients  and  direct  electraatriction.  For  relaaor  fertoelecaks  the  relation 
cannot  be  deHned  thersaodynamkally  becauie  of  the  dispeisive  contribution  to  the  response  from 
swiiehiag  of  polar  mkto  regioas,  however,  the  qualitative  treads  can  be  predicted  and  are  in  concert 
with  measured  properties. 


I.  INTRODUCTION 


Electrostrictioa  is  the  bask  eiectromechanical  coupling  for  all  substances  regard* 
less  of  their  symmetry  group.  In  this  phenomenon  the  strain  is  proportional  to  the 
square  of  the  eiectric  field  £  or  the  polarization  P  of  the  material.  It  is  expressed 
as: 

Xf! QiiuPkPl  (1) 


or  more  precisely: 


1 

23P„dP, 


(2) 


The  proportional  constant  is  the  electrostrictive  charge  coefficient.  Using 
the  Maxsvell  relatioas,  the  Q  coefficients  can  be  related  to  the  change  of  the 
diekcok  stilbess  with  respect  to  the  stress: 


Qeki 


1  Sxu 
2dXu 


(3) 


Where  Xe  Xu  tm  tbit  dielectric  stiffness  and  stress  respectively.  The  converse 
electrostrictive  effect  offers  a  convenient  way  of  measuring  the  Q  coefficient  of 
various  materials.  By  plotting  the  curve  of  x  vs  stren,  one  can  find  Q  coefficient 
from  the  slope.  Since  Q  coefficient  can  be  approximately  taken  u  constant  over 
temperatures  and  stresses,'  the  x  ^  curve  (converse  curve)  will  be  a 
straight  line.  As  observed  in  most  of  the  experimental  systems,  this  is  indeed  the 
case.^  However,  for  relaxor  ferroelectrics,  the  converse  curve  is  not  a  straight 
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line.^  For  normal  ferroelectrics,  it  is  found  that  the  slope  of  the  converse  curve 
can  change  sign  when  the  temperature  increases  beyond  the  curie  point  and  vise 
versa,  which  seems  to  indicate  a  sign  change  of  the  Q  coefficient.^-*  This  is,  of 
course,  not  consistent  with  the  directly  measured  Q  value  using  Equation  (2). 
Therefore,  a  further  consideration  of  the  converse  electrostiictive  effect  in  these 
materials  seems  to  be  necessary. 

In  this  paper,  the  conditions  under  which  the  Q  coefficient  can  be  measured 
correctly  in  the  converse  method  will  be  discussed  based  on  Landau-Devonshire 
theory.  For  simplicity,  we  will  concentrate  our  discussion  on  the  pseudo-cubic 
system  and  it  is  assumed  that  the  spontaneous  polarization  occurs  only  along  one 
of  the  original  axes. 


U.  FERROELECTRIC  CRYSTALS 

For  ferroelectrics  derived  from  a  centric  cubic  point  group,  the  Gibbs  free  energy 
density  can  be  written  as:^ 

G(T.  X.  P)  •  GWr,  X)  +  l/2a(i*?  +  H  +  l/4tf  „(F?  +  Pt  +  Pt) 

+  llAet,^P\Pi  +  FfPl  +  Pf/f)  +  l/6ani(F?  +  Ff  +  Ft) 

-  Qn(Jf.F?  +  JfjFf  +  -K  Ff) 

+  Yj(F?  +  F!)  +  Jf,(Ff  +  Fi))  .  (4) 

where  C^T,  X)  includes  all  the  terms  which  do  not  depend  on  F,  the  polarization 
vector.  In  the  later  discussions,  these  terms  do  not  affect  the  result  and  can  be 
neglected.  The  subscripts  for  stresses  X^  are  reduced  to  matrix  notation.  We  first 
discuas  the  case  where  the  dielectric  constant  is  measured  along  z  axis.  This 
allows  us  to  omit  all  the  terms  involving  F,  and  Pi  if  we  assume  that  the 
spontaneous  polarization  is  along  z  axis.  The  coefficients  are;  a^T  -  To) 
where  T  is  temperature,  ac^,  <rui>  and  Q,i  are  approximately  temperature  and 
stress  independrat.  For  a  lint  order  transition,  cru<0  and  cri,i>0,  and  for  a 
second  order  transition,  ar,|  >0  and  P^  term  can  be  neglected  near  the  transition 
point.  The  introduction  of  the  negative  sign  in  front  of  the  terms  involving 
electromechanical  coupling  for  the  convenience  of  the  discussion.  It  is  clear  that 
Qif  in  Equation  (4)  are  the  same  as  that  introduced  in  Equations  (1)  and  (2). 

The  thermodynamic  sttMe  sute  corresponds  to  the  minimum  of  the  free  energy 
density  G.  These  conditioas  yield  that  a  first  order  transition  will  occur  at  7^  >  7^ 
(Curie- Weis  temperature)  and  a  second  order  transition  at  Tc^To.  From 
Equation  (4),  it  is  clear  that  the  coupling  between  the  stress  and  the  polarization 
causes  the  shifting  of  the  transition  temperature.  As  will  be  seen  later,  it  is  this 
secondary  effect  that  gives  rise  to  a  large  change  in  the  slope  of  the  converse 
curve  in  the  ferroelectric  crystals. 

To  make  the  notations  simpler  and  still  have  the  generality,  we  only  consider 
the  situation  where  the  stress  is  a  hydrostatic  pressure,  that  is:  X,  ■  Jfj  ■  Jfs  *  -p. 
Replacing  Xs  in  Equation  (4)  gives: 

G  -  (ar/2)/i  +  (ar„/4)P?  +  +  Q^pPl 


(5) 
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where  Qi,  •  Qn  2Qa.  ^ith  an  electric  held  along  z  axis, 

(dGldP)T^  E  *  ar/*3  +  ari|P3+  fftnPf  +  2Q*p/*j  (6) 

(ai^CiaP^h  -  AT  -  a  -t-  3ar„ii  +  SaiuiPt  +  2Q^p  (7) 

Therefore: 

(3/a/»)0t)r.p-2e*  (8) 


which  is  just  the  relation  for  the  converse  method.  The  above  derivation  shows 
that  the  partial  derivative  condition  for  Equation  (8)  is  constant,  which 
means  thtt  as  long  as  P  is  heM  constant  in  the  pressure  change  process,  the 
converse  method  can  be  used  in  both  the  systems  with  P,  «0  and  P, #0  (P,  the 
spontaneous  polarization). 

If  the  experiment  is  carried  out  above  the  curie  temperature,  the  above 
condition  is  automatically  satisfied  since  that  phase,  P,  »0  at  all  the  time. 
However,  for  the  measurement  within  the  ferroelectric  temperature  region, 
P,  #0.  A  change  of  the  stress  will  induce  a  change  in  P  which  will  in  turn  cause  a 
change  in  ;t  **  shown  by  Equation  (7).  Denote  the  experimentally  measured  slope 
of  the  converse  curve  as  Ql: 

Qi  -  il/2)(ai3p)(x)  -  e*  +  (3£r„  +  10or,„Pf)P,(3P,/Sp)3.  (9) 

With  £  >  0,  Equation  (6)  gives  idPjf3p)T: 


P3(aP3/5p)r  -  -e»/(flfu  +  2a, „P!) 

-(10a) 

or 

(3P3/ap)T--2(2*P3eeo 

(10b) 

Substituting  to  Equation  (9)  gives  the  final  result: 

Qi  -  G*(l  -  (3a„  +  10a,„P5)/(a„  +  2a„,Pf)) 

(11a) 

or 

Qi  *  Q*(l  ~  (6a,i  +  20a,,,P3)P3SSo) 

(11b) 

where  Pj  and  s  are  the  spontaneous  polarization  and  relative  dielectric  permit¬ 
tivity  at  the  measuring  point  which  will  depend  on  the  pressure  and  temperature. 
Equatioa  (11b)  shows  that  when  P3  *  0,  then  Qi  ■  Q^. 

For  a  first  order  transition  (6at,  +  20(rtii^)  is  positive.  Therefore  in  some 
materials,  we  would  expect  a  sign  change  in  the  slope  of  the  converse  curve  when 
the  material  measured  passes  the  transition  point  from  Pj #0  to  Pj « 0  sute  even 
if  Qa  does  not  change  at  above  and  below  the  transition  point.  For  a  second  order 
transition.  Equation  (11a)  with  ain*0  shows  that  Qi"‘-2Q^,  a  constant  but 
with  a  negative  slope  for  the  converse  curve  below  the  transition  point. 

It  is  also  interest  to  see  how  this  affects  the  converse  curve  for  the  dielectric 
constant  measured  in  the  direction  perpendicular  to  the  spontaneous  polarization. 
Assuming  the  E  field  is  along  the  x  axis,  terms  with  P|  should  be  added  in  our 
derivation  from  Equation  (4).  The  spontaneous  polarization  is  P3  and  Pi  is  the 
induced  polarization  which  is  small.  There  is  no  need  to  keep  all  tte  higher  order 
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tenns  in  Pt  in  Equation  (4).  Following  tbe  same  derivation  procedure  shown 
above,  the  slope  of  the  converse  curve  in  this  direction: 

0%  •  (?*(1  -  »t2/(2(ar„  +  2ar,„Pf)))  (12a) 

or 

Qi  *  Q*(l  ~  *12^3*22*0)  (12b) 

here  Cn  is  the  dielectric  constant  along  z  axis.  Comparison  between  Equations 
(11)  and  (12)  indicates  that  the  result  of  tbe  converse  method  will  depend  on  the 
dtr^on  along  which  the  dielectric  constant  is  measured. 

The  above  discusaions  clearly  demonstrate  that  besides  the  direct  coupling 
between  stress  and  polarization  which  leads  to  the  thermodynamic  equivalence  to 
direct  electrostriction,  an  extra  coupling  occurs  in  systems  with  non<zero 
polarization. 

Compatismi  of  Equation  (11)  with  experiments  is  made  on  BaTiOj  single 
crystal.  BaTlOa  is  a  ferroekctiics  with  a  first  order  paraelectric-ferroelearic 
transition  in  the  vicinity  of  12(rC.  The  data  by  G.  A.  Samara  for  the  pressure  and 
temperature  dependence  of  the  dielectric  constant  of  BaTiO)  single  crystal  along 
the  c-axis  (the  spontaneous  polarization  axis)  are  used  here.*  For  BaTiOj,  there 
is  another  transition  near  0*C.  However,  unlike  Cn  which  follows  Curie- Weis  law 
near  this  second  transition,  is  not  affected  except  very  near  this  transition. 
Furthermore,  the  hydrostatic  pressure  moves  the  second  transition  towards  low 
temperature.  At  room  temperature  and  relatively  high  pressure,  the  expression 
(11)  should  be  satisfied.  From  the  condition  of  a  first-order  transition  near  120*C, 
the  following  relations  can  be  found.^ 

«  -  X.  «u  -  -4zi/PS.  ct,i, »  3zi/Po  (13) 

where  Xi  ^0  ve  the  dielectric  stiffness  and  the  spontaneous  polarization  at  the 
transition  temperature  with  zero  stress.  Hence,  for  BaTiOj: 

The  data  are  shown  in  Figure  1.  Both  the  spontaneous  polarization  and  the 
dielectric  constant  measured  along  tbe  c  axis  as  a  function  of  pressure  at  23”C  are 
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shown.  At  p  •  10  Kbar,  (2*  found  from  the  converse  curve  is  -'0.004S.  From 
Equation  (14),  Q*  is  found  to  be  0.02  mVC^,  which  is  in  reasonable  agreement 
with  the  accepted  value  of  (2a  *0.011  (mVC^)  (Qn*  0.123  and  (2i2  *  ~0.0S6)‘ 
at  room  temperature.  We  believe  that  tte  error  related  is  due  to  the  existing  “a” 
domains  in  the  crystal.  The  dielectric  constant  measured  at  the  lowest  pressure  is 
about  TOO,  as  shows  in  the  figure,  which  apparently  contains  “a”  domain 
contribution.^  As  the  sample  approaches  the  transition  point,  the  increased  "a" 
domain  activity  will  certai^  cause  a  large  error. 


in.  ANTIFERROELECTRIC  SYSTEM 

In  order  to  expand  the  above  discussion  to  antiferroelectric  phases,  a  free  energy 
function  which  carries  the  polarization  at  the  two  sublattice  should  be  used.*  ’ 
Using  the  convention  adapted  (sublattke  spontaneous  polarization  along  z 
direction) 

G  -/(/**  +  /I)  +  gP.Pt  +  h(Pt  +  Pt)-^r{Pt  +  Pi)  +  qpiPi  +  />2  +  2QP.P,)  (15) 

where  P.  and  P^  are  the  two  sublattioe  poUrizatioos,  g  and  Q  are  introduced  to 
describe  the  sublattke  coupling,  and  p  is  the  hydrosutk  pressure.  We  neglect  the 
higher  order  terms  in  the  two  sublattke  coupling  for  the  sake  of  simplicity. 
Introducing  the  notations: 

PA^(P.-Pt)  and  P^-(P.  +  Pa)  '  (16) 

In  the  case  when  the  external  field  is  zero,  P^  and  Pf  describe  the  spontaneous 
antiferroelectric  and  ferroelectric  polarizadott  in  antiferroelectric  and  ferroelectric 
phase  respectively.  Equation  (15)  can  be  rewritten  as 

G  -  (l/2)(/  +  g/2)Pj -I-  (l/2)(/  -g/2)Pi  +  (l/8)A(Pi  +  P%) 

+  (l/32)r(P‘  +  PJ)  +  (3/4)fiPjP*  +  (15/32)r(P;p*  +  PjrP\) 

+  (l/2)qp(Pi  +  Pj-*-Q(Pj-PS))  (17) 

It  is  clear  from  this  expression  that  the  Q  coefficient  for  the  ferro-  and 
antiferroelectric  phase  can  be  expressed  as  follows: 

G;A-(l/2)q(l  +  Q)  and  -  (l/2)q(l  -  Q)  (18) 

In  the  preceeding  section.  Q/^  is  expressed  as  Q^.  It  is  experimentally  observed 
that  the  antifenoelecttk  to  paraekctrk  transition  temperature  moves  upwards  as 
the  pressure  increases."’  Corresponding  to  it,  G^a  is  expected  to  be  negative. 

In  the  antiferroelecttk  phase,  if  there  is  no  external  electric  field,  P. «  -P^. 
When  a  field  is  turned  on,  an  induced  ferroelectrk  polarization  Pf  will  be 
non-zero,  Pf^P,-^  Pa.  Hence  P.  is  no  longer  equal  to  -Pa  and  the  magnitude  of 
the  antiferroelectric  polarization  should  be  expressed 

P.,-2min{|P.|,|PA|}  (19) 

which  is  just  Equation  (16)  if  P.  «  -Pa. 

For  the  spontaneous  antiferroelectric  polarization  P^.  Equation  (17)  allows  us 
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to  find: 

(3C/5fa)r  -  0  -  (/  -  gl2)  +  (l/2)A/»i  +  (3/16)r/»i  +  q(l  -  Q)p  (20) 

which  relates  the  to  the  change  of  temperature  and  pressure.  In  the  general 
case.  Equation  (15)  has  to  be  used: 

OCI3P,)t  •E~2fP,+gP^  +  4hPi  +  6rPl  +  2qp{P.  +  QP,)  (21a) 

and  for  P^,  we  can  get  Equation  (21b)  with  the  same  form  except  that  the 
subscripts  “a”  and  "b"  change  the  position. 

Equation  (21a)  +  Equation  (21b)  yields: 

2£  -  (y  +  g)(P,  +  /»»)  +  4h(Pi  +  Pi)  +  6r(Pi  +  Pi)  +  2qp{P.  +  P,){\  +  Q)  (22a) 

and  Equation  (21a)-Equation  (21b)  yields: 

0-  (2f  -g)(ft  -  P»)  +  4A(/*2  -  PJ)  +  6r(i»2  -  PJ)  +  2qp{P.  -  P,)(l  -  Q)  (22b) 

For  a  small  field  measurement,  Pp  will  be  small.  In  the  following  discussion,  we 
only  keep  the  lowest  order  terms  in  Pp  (Pp  «  P«  +  P»).  Therefore,  we  can  have 
from  Equation  (22): 

{aEldPp)T  -  z  -  (/  +  g/2)  +  m)hPi  +  (15/16)rPi  +  q(l  +  Q)p  (23) 
where  P^  is  given  by  Equation  (20).  Therefore  the  slope  of  the  converse  curve  is: 

(d/3p)(X)T  -  q(l  +  Q)  +  (3/4)(4A  +  SrP\)P^(dPJ ap)r  (24) 

and  from  Equation  (20) 

^  Ah-¥$rP\ 

(25) 

Due  to  the  introduction  of  the  two  sublattice  polarizations.  Equation  (25) 
seems  to  be  different  from  Equation  (11).  However,  if  the  same  notation  is  used. 
Equation  (25)  can  be  changed  to  the  form  of  Equation  (11).  For  a  continuous 
transition 

C?S-(?/»-3Q^  (26) 

This  is  a  constant.  Since  <  0,  Q%  will  be  always  positive. 

In  the  direct  method,  both  the  strain  and  indw^  ferroelectric  polarization  Pp 
can  be  measured.  Therefore 

AS-(?*PJ  (27) 

A5  is  a  generalized  strain.  In  this  docussion,  it  is  volume  strain.  In  the  P/i  #  0 
phase,  an  initial  strain  5o  exists  as  (5  «  dCIdp): 

5i,-(l/2)q(l-Q)Pi«  (28) 

The  strain  after  a  field  E  is  applied  is 

5-?(Pi  +  Pj  +  2QP.P6)  (29) 

Here,  P^  also  deviates  from  P^o-  A5  in  Equation  (27)  is 

AS-S-So  (30) 
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For  the  purpose  of  stmplidty,  use  Equetion  (22b)  without  the  terms  containing 
r  and  p.  That  is,  it  is  a  sykem  with  a  continuous  transition  and  no  external  stress. 
Equation  (22b)  gives 

(2f  -  g)  +  mPl  P.P6  +  P|)  -  0  (31) 

Using  P,  +  Pb"  Pr  u>d  substituting  «  fV  -  F.  to  Equation  (31): 

(y  - g)  +  AhiP%  +  Pi-  PfP,)  - 0  (32) 

The  solution  for  P,  is 

F.-(l/2)(F,±VFny^^)  (33) 

which  will  be  reduced  to  the  spontaneous  antilerroelectric  polarization  Pm^ 
l/2V(g-y)/hifF^-0. 

Therefore,  the  two  sublattices  will  have  the  polarizations: 

P.-(1/2)(F,  + V-3P',-(y  -g)//,)  (34a) 

and 

F*  -  {mm  -  V3F',-(2/  -g)M)  (34b) 

With  a  nonzero  Pr,  the  magnitude  of  the  antiforroelectiic  polarization  is 
{yJ-lP^f-iy  -g)/A  -  Pf).  Substituting  Equation  (34)  into  Equation  (29)  and 
using  Equation  (30): 

AS-q(2Q-l)Fjt 


Hence, 


Qh  •  Qlh  “ 

which  is  the  same  as  Equation  (26).  If  the  higher  order  terms  are  included,  Qj, 
will  be  the  same  as  Equation  (25)  Qi.  In  the  sense  that  the  direct  and  converse 
methods  give  the  same  Q  coefi^ents,  the  antiferroelectric  system  can  be  taken  as 
a  paraelectric  phase  with  an  effective  Q  coefBdent  in  the  measurement. 
Experimental  results  on  antiferroelectric  lead  zirconate  dtanate  stannate  ceramics 
confirmed  this  conclusion." 


rv.  THE  FERROELECTRIC  RELAXOR  MATERIALS 

The  converse  method  is  used  widely  in  relaxor  materials  to  determine  the  Q 
coefficients.  It  is  found  that  even  in  die  region  where  the  macroscopic  polarization 
is  zero,  the  converse  curve  still  does  not  show  a  straight  line,  tome  emperical 
exfnessioas  are  tried  to  correct  the  dM  to  give  a  constant  Q.  From  our  disaission 
above,  we  see  that  g  vs  p  needs  not  to  be  a  straight  line  even  if  Q  is  a  constant.  It 
has  been  proposed  that,  in  the  relaxor  materials,  at  the  temperature  region  where 
the  macroscopic  polarization  is  zero,  there  are  still  micro>regions  with  non-zero 
polarization.^  Above  the  temperature  where  F,  *0,  experiment  results  seem  to 
be  convincing  that  Ff#0  and  P}  persists  up  to  very  high  temperature." 
Therefore,  in  the  microsoopic  scale,  the  relaxor  material  is  a  mixture  of  polar 
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regions  and  non-poiar  regions.  In  the  polar  region.  Equations  (11)  and  (12) 
should  be  used  to  describe  result.  The  complication  of  the  system  makes  it 
difficult  to  find  a  correct  expression  for  the  converse  curve  in  the  region  with 
However,  as  the  pressure  or  temperature  increases,  should  decrease. 
Tlie  anomalous  effect  discussed  above  will  become  small  and  should  make  Ql, 
gradually  increase  as  either  the  pressure  or  temperature  increases.  This  kind  of 
trend  is  actually  observed  in  the  experiment  data^  which  in  turn  supports  the  idea 
of  the  micro-polar  domains  in  the  relaxor  material  at  temperatures  above  the 
average  Curie  point.  Since  the  relaxor  materials,  a  large  part  of  the  dielectric 
constant  is  from  the  reorientation  of  the  polar  region, this  will  also  be  stress 
dependent  and  may  also  give  an  extra  effect  on  the  converse  curve.  The  available 
data  on  the  relaxor  materials  seem  to  indicate  that  this  is  the  case.^  Therefore,  it 
b  fair  to  say  that  at  present  there  is  no  firm  basis  for  the  interpretation  of  the 
converse  method  to  give  a  reliable  Q  coefficient.  Of  course,  the  pressure 
dependent  of  the  dielectric  response  will  provide  interesting  information  about 
the  relaxor  materials.  Further  work  is  needed  to  relate  this  to  conventional  direct 
electrostnction. 

V.  SUMMARY 

Using  Landau-Devonshiie  theory,  we  showed  that  in  the  ferroelectric  phase,  due 
to  the  fact  that  the  dielectric  constant  depends  on  the  spontaneous  polarization 
which  is  pressure  dependent,  the  pressure  dependence  of  the  dielectric  response 
will  deviate  from  the  behavior  of  the  pure  eiectrostriction  coupling  effect.  Taking 
all  these  into  account,  we  derived  the  expression  which  relates  the  slope  of  the 
converse  curve  to  the  eiectrostriction  coefficients.  In  the  antiferroelectric  phase, 
both  the  direct  and  converse  method  do  not  give  the  pure  electrostiictive 
coefficient.  In  the  relaxor  materials,  the  existence  of  micro-polar  region  will  cause 
a  diange  of  the  converse  curve  from  the  pure  eiectrostriction  coupling  effect  even 
in  the  high  temperature  region  when  the  macroscopic  polarization  is  zero. 

The  authors  wish  to  express  their  thanks  of  the  financial  support  from  the 
Office  of  Naval  Research. 
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The  longitudinal  piezoelectric  efTect  induced  by  a  direct  current  bias  held  was  investigated  in  PMNtPT  family  of  relax¬ 
or  ferroelectric  ceramics  in  the  frequency  range  from  0.1  Hz  to  SOkHz.  The  piezoelectric  d.i  coefficient  was  >iudied  by 
measuring  the  strain  induced  by  the  applied  electric  held.  Under  the  10  kHz  driving  held,  the  large  piezoelecinc  >irain 
coefficient.  d„.  of  SOOpC/N  is  obtained.  The  piezoelectric  strain  coefficient  related  dielectric  and  elecirostriciive 
parameters  vvere  also  studied  under  direct  current  bias  and  the  coefficient  was  calculated  by  ihe  equation 
dn>2Q,,/*ie„.  The  results  are  in  good  agreement  with  the  directly  measured  ones.  The  dispersion  of  the  piezoelectric 
effect  is  mainly  due  to  the  dieiccthc  dispersion. 

KEYWOMM:  de  biaa  induced  piezoelectric  affect  PMN:PT  ceramica 


§1.  Introdiictkm 

Since  the  late  I960's,  Lead  Titanate:  Lead  Zirconate 
ceramics  (PZT)  near  the  tetragonaJ-rhombohedral  mor* 
photropic  phase  boundary  have  been  the  leading 
materials  for  piezoelectric  applications."  The  remanent 
polarization  of  these  ceramics  is  very  large,  of  the  order 
of  dOitC/cm^  and  the  piezoelectric  strain  coefficient  is 
high,  of  the  order  of  400pC/N  for  dn.’" 

For  these  ceramic  compositions,  the  tetragonal  and 
rhombohedral  phases  have  very  similar  free  energies.  The 
poling  efficiency  is  greatly  improved  compared  with  the 
single  phase  ceramics  because  14  ferroelearic  axes  are 
available  for  the  reorientation  of  the  spontaneous 
polarization.  However,  the  piezoelearic  strain 
coefficients  depend  not  only  on  the  remanent  polariza¬ 
tion  but  also  on  the  dielearic  permittivity.  If  the 
piezoelectric  effect  is  regarded  as  a  polarization  biased 
electrostriction,"  then  for  a  ceramic  poled  in  the  direc¬ 
tion  of  the  3  axis,  the  piezoelectric  coefficient  dn  is  deter¬ 
mined  by  the  following  equation: 

d)j*2QiiPje)j  (I) 

where  Qii(Qii*^’*Qu  for  an  isotropic  ceramic)  is  the 
average  longitudinal  elearostrictive  coefficient  of  the  pro- 
totypic  phase,  />)  the  polarization  and  tv  the  dielectric 
permittivity.  Another  obvious  way  to  improve  the 
piezoelearic  strain  coefficient  is  to  increase  the  dielearic 
permittivity. 

Relaxor  ferroeiearia  as  compared  to  normal  ferroelec- 
trics"  are  known  to  have  a  much  larger  Curie  Weiss  con¬ 
stant  C  and  less  temperature  dependence  of  dielearic 
permittivity  near  the  dielearic  maximum.  Since  the  QC‘ 
value,  the  figure  of  merit  of  elearostriction.  of  the  reiax- 
or  ferroeiearia  is  larga  than  that  of  the  normal  fer¬ 
roeiearia.  the  relaxor  ferroeiectria  have  found  wide  ap¬ 
plications  in  transducers  and  aauators.*'  Though  these 
ceramia.  because  of  the  absence  of  a  remanent  polariza¬ 
tion,  show  no  piezoelearic  effeas  near  the  temperature 
of  the  dielearic  maximum,  a  DC  biu  can  induce  the 


polarization  and  consequently  the  piezoelectric  effects.  A 
large  piezoelearic  d»  coefficient  in  the  0.9  PMNrO.  I  PT 
multilayer  actuator  was  demonstrated  by  Nakajima  et 
al.'^  However,  the  frequency  of  the  measurement  was 
quasi-static  (0.02  Hz)  and  the  piezoelectric  effect  for  a 
useful  frequency  range  is  still  unknown.  Although  the 
piezoelearic  raonance  technique  can  be  used  to  measure 
the  DC  bias  field  induced  transverse  piezoelectric  dn 
coefficient,  it  is  difficult  to  be  used  for  measuring  the 
longitudinal  piezoelearic  coefficient  dn  because  the 
thickness  resonance  frequencia  are  high  (thin  sample  in 
order  to  apply  high  DC  bias)  and  tend  to  overlap  with  the 
overtona  of  other  moda. 

In  this  paper,  we  report  on  the  large  longitudinal 
piezoelectric  effea  induced  by  the  DC  bias  held  in  the 
lead  magnnium  niobate:  lead  titanate  family  of  rela-xor 
ferroelearic  ceramics  over  a  wide  frequency  range  and  ex¬ 
plore  the  possibility  of  this  family  of  relaxor  ferroeiec¬ 
tria  for  transducer  applications. 

§2.  ExperimeauM  Procedure 

2. 1  Ceramic  samples  and  preparation 

The  PMNtPT  ceramic  compositions  selected  for  this 
study  are  listed  below: 

(1)  Pb(Mg,nNbjn)0,  (PMN) 

(2)  0.9Pb(Mg,,)Nbj..,)0,;0.1  PbTiO,  (0.9PMN;0.I 
PT) 

(3)  0.93  Pb(Mg„iNb,„)O,:0.07  PbTiO,  (0.93  PMN: 
0.07  PT) 

(4)  La«oi(0.93  Pb(Mgi/iNbj/i)O):0.07  PbTiOi)o4» 
(Li,oi(0.93  PMN:0.07PT)o«). 

The  ceramic  PMNtPT  compositions  were  prepared  us¬ 
ing  mixed  oxida  in  the  manner  described  by  Swartz  and 
Shrout.*'*’  In  this  processing,  MgO  and  Nb-O)  are  first 
reaaed  in  a  pre-calcine  to  form  the  columbite  struaure 
MgNbiOt  which  is  then  reaaed  with  PbO  to  form 
Pb(MgwiNb]/i)Ot:PbTiOi  compositions.  Among  these 
ceramic  compositions,  0.93  PMN:0.07  PT  and 
Laoei(0.93  PMN:0.07  PT)o»*  were  hot  isostatically  press¬ 
ed  to  optical  transparency.  For  both  dielearic  and  strain 
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measurements,  the  ceramic  samples  were  cut  into  rec¬ 
tangular  plates,  typically  0.6  x  0.4  cm%  with  a  thickness 
of  0.04  cm. 

2.2  Measurement  of  piezoelectric  coefficient  da  by  field 
induced  strain  technique 

The  piezoelectric  strain  coetficient  rfji  was  measured  us¬ 
ing  the  converse  piezoelectric  effect,  i.e,  the  strain  in¬ 
duced  by  an  electric  held. 

In  the  low  frequency  range  (0.1-10  Hz),  low  frequency 
thermal  and  mechanical  noises  greatly  affected  the 
measurement  when  the  induced  displacement  was  small. 
To  increase  the  signal  to  noise  ratio,  large  electric  fields 
(>IOkv/cm)  were  applied  to  induce  large  strains 
( >  10' ‘).  Strain  gauge  technique  was  used  to  measure  the 
i..duced  strain.  The  piezoelectric  strain  coefficient  du  was 
derived  from  the  strain  vs  the  applied  electric  held  by  two 
methods.  In  the  hrst  method  (0.1-1  Hz),  the  slope  of  the 
strain  vs  applied  voltage  (triangular  wave  form)  was 
measured  by  inputting  the  strain  signal  to  a  differentiator 
which  differentiated  the  strain  with  respect  to  time.  The 
signal  from  the  differentiator  output  is  proportional  to 
the  piezoelearic  dn  coefficient,  since  a  triangular  driving 
held  (the  held  is  proportional  to  time  within  1/4  period) 
was  applied.  The  differential  signal  and  the  applied  held 
were  displayed  on  the  y-axis  and  the  .v-axis  of  a  x-y 
oscilloscope  respectively.  The  picture  directly  yields  the 
DC  bias  held  dependence  of  the  piezoelectric  dn 
coefficient.  This  method  will  be  referred  to  as  the  differen¬ 
tiator  method.  In  the  second  method  (0.1-10  Hz)  ,  the 
strain  (y-axis)  vs  the  applied  held  (x-axis)  was  directly 
displayed  on  a  x-y  oscilloscope.  The  pictures  were  digitiz¬ 
ed  by  a  computer  controlled  digitizing  eye  and  the  du 
values  were  calculated  by  measuring  the  slopes  at 
different  electric  held  levels.  This  method  will  be  referred 
to  as  the  digitizing  method.  For  the  compositions  such  as 
0.9  PMN;0.1  PT  and  0.93  PMN;0.07  PT  which  display 
slim  hysteresis  loops,  it  was  necessary  to  simulate  the 
equilibrium  strain  by  drawing  a  curve,  in  a  way  similar  to 
that  shown  in  Fig.  I ,  between  the  top  curve  (associated 
with  the  decrease  of  the  electric  held)  and  the  bottom 
curve  (associated  with  the  increase  of  the  electric  held). 
The  equilibrium  path  was  digitized  and  then  the  slopes 
were  calculated  to  yield  the  dn  coefficients. 

A  small  induced  strain  technique  was  used  to  measure 
the  dn  coefficient  at  frequencies  higher  than  100  Hz,  since 
many  experimental  difficulties  were  encounted  when  a 
large  electric  field  was  applied  to  the  ceramic  samples  to 
induce  a  large  strain.  A  small  induced  strain  technique  is 
possible,  since  at  high  frequencies,  the  low  frequency 
noises  can  be  rejected  easily.  In  this  technique,  a  OC  bias 
field  was  applied  to  the  sample  to  induce  the  piezoelectric 
effect  and  a  small  AC  volta^  ( -  2  volts)  was  applied  to  in¬ 
duce  an  AC  strain.  The  induced  displacement  was  small, 
on  the  order  of  a  few  angstrons,  wu  measured  by  the 
highly  sensiiivitive  laser  interferometer  technique.  The 
basic  principles  of  this  technique  were  published  in  an 
earlier  paper.'*’  The  block  diagram  of  the  laser  in¬ 
terferometer  is  shown  in  Fig.  2.  In  this  set-up,  the  two  ma¬ 
jor  faces  of  the  sample  are  facing  the  laser  beams  as 
shown  in  Fig.  3,  bending  effects  are  avoided.  In  addition. 


the  measuring  frequency  of  the  double  beam  laser  m 
terferometer  can  be  well  above  l  khz  above  which  -h" 
single  beam  laser  interferometer  technique  encounu 
“back  motion”  problem.""  Since  the  dielectric  constant 
of  the  rela.xor  ferroelectric  ceramic  is  large,  the  contnbu 
tion  of  the  second  mode  (electrostriction)  to  the  induced 
strain  is  not  negligible  especially  under  low  bias  field.  The 
electronic  signal  from  the  photo  detector  was  measured 
by  a  Lock-in  amplifier  set  on  1  f  mode  to  reject  the  second 
mode  and  the  random  noises.  The  two  major  faces  of  the 
sample  were  polished  to  optical  reflectance  and  then  sput¬ 
tered  with  gold  to  reflect  light  and  conduct  electricity. 
The  sample  was  mounted  on  a  wood  made  sample  holder 
in  a  manner  shown  in  Fig.  3.  The  block  diagram  of  the 


Fig.  I.  lllustraiion  of  ihe  digitizing  method.  For  the  siram  >s  applied 
electnc  held  curve,  a  path  (dashed  curve)  is  drawn  to  simulate  the 
equilibrium  strain.  The  dashed  curve  is  digitized  tor  the  ptezoelectnc 
coefficient  calculation. 


Fig.  2.  Block  diagram  oi  the  double  beam  laser  mterterometer 
sysiem.  PBS  is  the  polarized  beam  splitter.  BS  is  the  beam  splitter 
and  A/4  is  the  quaner  wave  plate. 
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Fig.  J.  Schematic  diagram  of  the  tampit  mounting  for  the  double 
beam  laser  interferometer  meuurement. 
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circuit  for  the  simultaneous  application  of  AC  and  DC 
field  is  shown  in  Fig.  4. 

2.3  Measurement  of  piezoelectric  d,,  coefficient 
through  dielectric  and  electrostrictive  parameters 

As  suggested  in  eq.  (1).  the  piezoelectric  coefficient  dn 
can  be  calculated  by  the  relation  dn  =  2QjiPt«ij.  and 
hence  the  measurement  of  the  dielectric  and  electrostric¬ 
tive  parameters  can  also  yield  the  piezoelectric  dn 
coefficient. 

Polarization  as  a  function  of  bias  held  was  measured 
using  a  modihed  Sawyer  and  Tower  circuit.  The  Sawyer 
and  Tower  technique  requires  an  AC  driving  held,  so  a 
quasi-static  driving  held  (0.04  Hz)  was  applied  to 
simulate  the  DC  bias  held.  To  decrease  the  low  frequency 
impedance  of  the  standard  capacitance  in  series  with  the 
sample,  a  large  capacitance  (lOuF)  was  used. 

The  dielectric  constant  as  a  function  of  DC  bias  held 
was  measured  by  the  system  shown  in  Fig.  S.  Two  large 
blocking  capacitances  were  used  to  protect  the 
capacitance  bridge.  A  20  MQ  resistor  was  put  in  series 
with  the  DC  power  supply  so  as  not  to  bypass  the  AC  cur¬ 
rent  from  the  capacitance  bridge. 

The  electrostrictive  coefficients  for  PMN  ceramics  were 
measured  using  the  strain  gauge  technique.  The  held  in¬ 
duced  strain  and  polarization  were  displayed  on  y  and  x 
axes  of  a  x~y  oscilloscope  respectively.  The  pictures  were 
then  digitized  by  a  computer  controlled  digitizing  eye. 
The  Q  coefficients  were  calculated  from  the  slopes  of  in¬ 
duced  strain  vs  the  square  of  polarization. 


Fig  4.  Circuii  for  the  simulianeoui  applicilioni  of  DC  and  .AC  Held. 
W  C  stands  for  the  waveform  generator. 


held. 


§3.  Experimental  Results 

3. 1  Low  frequency  piezoelectric  behavior 
The  differentiator  method  directly  gives  the  DC  bias 
held  dependence  of  the  dyx  coefficient.  Figure  6  shows  the 
original  photographs  which  display  the  applied  voltage 
on  the  horizontal  axis  and  the  time  derivative  of  the 
strain  signal  on  the  vertical  axis.  When  the  applied 
voltage  changes  the  swing  direction,  the  time  derivative 
of  the  strain  changes  sign.  The  two  curves  correspond  to 
the  increase  and  decrease  of  the  applied  voltage.  Figure  ' 
shows  d»  vs  the  DC  bias  held  in  the  frequency  range 
(0.1-10  Hz)  measured  by  the  digitizing  method.  Clearly, 
0.93  PMN:0.07  PT  and  0.9  PMN:0.1  PT  ceramics  show 
very  large  piezoelectric  maxima,  the  peak  dt,  coefficient 
for  0.93  PMN:0.07  PT  is  1260pC.  N  at  0.1  Hz.  For 
La<)oi(0.93  P.V1N:0.07  PT)ow  and  PMN,  the  piezoelectric 
maxima  shift  toward  the  high  held  region.  .Another 
feature  of  the  piezoelectric  behavior  is  the  dispersive 
nature.  It  is  clear  that  the  magnitude  of  dn  coefficient 
decreases  with  the  increasing  driving  frequency.  The  held 
of  the  piezoelectric  maximum  increases  with  the  increas¬ 
ing  driving  frequency,  an  effect  similar  to  the  dielectric 
relaxation  of  the  relaxor  ferroelectrics  in  which  the  dielec¬ 
tric  maximum  temperature  increases  with  the  applied  .AC 
held  frequency.  The  shift  of  the  piezoelectric  maximum 
with  the  driving  frequency  may  be  clearly  seen  for  0.93 
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Fi|.  6.  The  originil  photographs  for  ihe  ditfereniiaior  method 
measurement.  The  vertical  a.Tis  displays  the  derivative  of  strain  and 
the  horuontal  avis  displays  the  applied  voltage,  (al  PMN  at  0.1  Hr. 
lblO.93  PMN:0.07  PT  at  0. 1  Hrand  Id  La.  ,,(0  93  PMN  0.07  PTt,  „ 
at  0.3  Hi. 
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Fig.  cocfficimi  u  a  function  of  DC  bias  under  diflerem  AC  Field  frequencies  for  the  digitizing  method  lai  PVIN.  tbi  0.9 

PMNO  I  PT  (Cl  0.93  PMN.0.07  PT  and  (d)  La,,, (0.93  PMN:0.07  PT),». 


PMN:0.07PT  and  0.9PMN:0.l  PT  ceramic  composi¬ 
tions  which  have  significant  dielenric  dispersion  at  room 
temperature. 

3.2  High  frequency  ( 100  Hz-50 kHeJ  piezoelectric 
behavior 

From  too  Hz  to  SO  kHz,  the  piezoelectric  cl»  coefficient 
is  measured  by  the  double  beam  laser  interferometer.  The 
piezoelectric  strain  coefficient  dn  vs  (he  applied  DC  bias 
field  under  different  AC  field  frequencies  is  shown  in  Fig. 
8.  Clearly,  the  variation  of  the  d»  coefficient  with  the  ap¬ 
plied  DC  bias  field  is  similar  to  that  of  the  low  frequency 
measurement.  Since  the  DC  bias  field  was  not  continuous¬ 
ly  varied,  the  shift  of  the  piezoelectric  maximum  with  the 
measuring  frequency  is  not  as  obvious  as  that  for  the  low 
frequency  measurements.  Another  feature  of  the  curves 
is  the  variation  of  the  dispersion  of  the  du  coefficient 
with  (he  applied  DC  biu  field.  The  initial  dispersion 
depends  on  the  compositions.  PMN  and  Laoo-<0.93 
PMN:0.07  PT)ow  have  little  dispersion  while  0.9 
PMNtO.lPT  and  0.93  PMN:0.07  PT  have  significant 
dispersion  under  low  bias  field.  The  dispersion  is  max¬ 


imized  at  the  fields  of  the  piezoelectric  maximum  and 
markedly  reduced  well  above  the  field  of  the  piezoelecti  ic 
maximum. 

3.3  Electrostrictive  coefficients  and  DC  bias 
dependence  of  polarization  and  dielectric  constr’it 

To  evaluate  the  dn  coefficient  as  a  function  of  DC  bias, 
the  dielectric  constant  Kn,  polarization  P)  and  elec¬ 
trostrictive  coefficient  Q,,  have  to  be  evaluated  as  a  func¬ 
tion  of  DC  bias.  Since  the  electrostrictive  coefficient  Q:, 
is  independent  of  polarization  and  was  found  to  be  true 
in  ferroeleanc  relaxors  up  to  a  high  polarization  level,  " 
the  Qu  coefficient  is  assumed  to  be  field  and  polarization 
independent. 

The  polarization  vs  the  applied  field  with  a  quasi-static 
driving  field  (0.04  Hz)  is  shown  in  Fig.  9.  Since  slim 
hysteresis  loops  were  observed  for  0.93  PMN:0.07  PT 
and  0.9  PMNtO.l  PT  ceramics,  the  average  polarization 
values  of  the  top  curve  and  the  bottom  curve  were  taken 
to  simulate  the  equilibrium  polarization  induced  by  a 
true  DC  biu  field. 

Dielectric  constant  vs  applied  DC  biu  for  four  ceramic 


OC  Bias  Field  (kv/cm) 


Fij  i  ;oerficieni  u  i  lunciion  of  OC  bi»j  under  differeni  AC  field  frequenciej  for  the  high  frequeno  measurement  lai 
PMN.  (hi  0  4  PMN:0  1  PT  (c)  0.93  PMN:0.07  PT  and  (d)La„„.(0  9i  PMNtO.OT  PTV,.. 


compositions  is  shown  in  Fig.  10.  Clearly,  the  magnitude 
and  dispersion  of  the  dielectric  constant  decrease  with  in¬ 
creasing  DC  bias  held.  For  PMN,  no  appreciable  disper¬ 
sion  is  observed. 

The  electrostrictive  coefficients  and  Qm  ytm 
measured  as  a  function  of  temperature  under  an  AC  field 
frequency  of  0.1  Hz  using  the  strain  gauge  technique.  It 
is  observed  that  the  Q  coefficients  stay  constant  with 
respect  to  temperature.  The  average  Qu  coefficient  for 
PMN  is  1.9 X  lO'-mVC'  as  shown  in  Fig.  11.  The  Qh 
coefficient  for  the  0.9  PMNiO.l  PT  ceramic  was  publish¬ 
ed  in  an  earlier  paper. The  room  temperature  Qn  value 
is  2.1  X  10"*  m*/C'. 

The  dn  coefficients  for  PMN  and  0-9PMN:0. 1  PT 
ceramics  were  calculated  according  to  eq.  (1)  using  the 
above  dielectric  and  electrostrictive  parameters.  The 
variation  of  the  dn  coefficient  with  OC  bias  held  under 
different  AC  held  frequencies  is  shown  in  Fig.  12.  It  may 
be  seen  that  the  DC  bias  field  dependence  and  frequency 
dispenion  of  the  dn  coefficient  are  quite  similar  to  those 
direaly  measured. 


§4.  DiKUSsions 

4. 1  DC  bias  field  dependence  of  the  piezoelectric  d„ 
coefficient 

The  variations  of  the  I  kHz  piezoelectric  dn  coefficient 
with  the  applied  DC  bias  field  from  both  the  directly 
measured  result  and  that  calculated  from  the  dielectric 
and  electrostrictive  parameters  are  compared  in  Fig.  13 
for  PMN  and  0.9P.MN:0. 1  PT  ceramics,  .\greement  is 
reasonably  good,  although  there  are  differences  in 
magnitude  especially  under  the  high  bias  field  level.  The 
agreement  suggests  that  the  OC  bias  field  dependence  of 
the  dn  coefficient  is  determined  by  the  DC  bias  field 
dependence  of  polarization  and  dielectric  constant,  while 
the  elearostrictive  Qu  coefficient  could  be  assumed  to  be 
a  field  independent  parameter  within  the  applied  field 
level  of  the  experiment.  Hence,  in  the  relaxor  ferroelec- 
trics,  the  piezoelenric  effect  is  basically  a  polarization 
biased  eiectrostriction. 

4.2  Dispersion  of  the  piezoelectric  coefficient 
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Fig.  9  Polaruanon-elecinc  field  reiaiions:  (a)  PMN.  (b) 
PMNiO  OT  PT)„„ 


Under  low  bias  level,  (he  piezoelectric  dispersion  is 
mainly  dominated  by  the  dielectric  dispersion.  It  may  be 
seen  from  Figs.  8  and  10  that  the  dispenion  of  the  dn 
coefficien  under  very  low  bias  field  level  is  very  similar  to 
that  of  the  dielectric  permittivity  dispersion.  At  the  held 
of  the  piezoelectric  maximum,  the  dispersion  in  piezoelec¬ 
tric  response  is  maximized.  The  same  is  true  for  the  data 
calculated  from  the  dielearic  and  eiectrostrictive 
parameters.  This  is  because  the  piezoelectric  dispersion 
caused  by  (he  dielectric  dispersion  at  the  held  of  the 
piezoelectric  maximum  is  enhanced  by  the  increased 
polarization  level  at  the  field  of  the  piezoelectric  max¬ 
imum.  For  the  fields  much  greater  than  the  piezoelearic 
maximum  fields,  the  dispersion  of  dn  coefficient  it  greatly 
reduced  as  shown  in  Figs.  8(b).  (c)  and  (d).  The  cor¬ 
respondence  in  the  dielectric  dispersion  may  be  found  in 
the  same  field  region  as  shown  in  Figs.  10(b),  (c)  and  (d). 
Under  high  DC  bias  level,  the  induced  polarization  is 
saturated,  and  the  reduction  in  dielearic  dispenion  will 
result  in  the  reduction  of  piezoelearic  dispenion. 

Figure  14  shows  the  maximum  piezoelearic  dn 
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0.9PMN:0.1  PT,  (c)  0.93  PMNiO.OT  PT  and  idl  La.,  ,10  93 


coefficient  (direaly  measured)  v$  the  measuring  AC  frc 
quency  for  different  compositions.  It  is  obvious  that 
above  20  kHz,  most  of  the  points  are  not  expected.  Fot 
the  sizes  of  the  samples  we  used,  20  kHz  is  well  below  the 
piezoelearic  resonance  frequency.  The  reason  for  these 
unexpeaed  points  is  not  very  clear.  It  may  be  caused  by 
some  purely  mechanical  resonance  modes  which  may  be 
related  to  the  acoustic  properties  of  the  epoxy  and  the 
sample  holder.  The  real  reason  is  still  under  investiga¬ 
tion.  However,  below  this  frequency,  the  results  reveal 
the  dispenive  nature  of  the  piezoelectric  behavior. 

For  the  two  ceramic  compositions  0.93  PMN:0.07  PT 
and  0.9  PMN;0. 1  PT,  it  can  be  seen  that  the  piezoelearic 
dispersion  is  significant  because  the  temperatures  of  the 
dielearic  maxima  are  above  room  temperature,  signifi¬ 
cant  dielearic  dispersion  exists.  On  the  other  hand,  for 
PMN  ceramic,  the  dispersive  nature  is  greatly  reduced, 
since  the  temperature  of  the  dielearic  maximum  is  well 
below  room  temperature.  However,  the  advantages  of 
the  reduced  dispersion  are  penalized  by  the  severely  reduc¬ 
ed  magnitude  of  the  piezoelearic  coefficient. 


L^ne  Pif:oeieuric  Induced  Direct  Current  Bus  .n  PM\  PT  Petjxor  Pcr'oeiecir'i  '  c-im  ■.  ■ 
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Fij.  10,  Dielectric  constant  as  a  function  of  DC  bias  lield  under  dilferent  frequencies:  lai  PMN.  lbiO.9  PMN  0  I  PT  i.i  0  93 
PMN:0.07  PT  and  Id)  La,o,(0.93  PMN:0.07  PTa,«. 


U  has  to  be  pointed  out  that  for  0.93  PMN-.0.07  PT 
and  0.9  PMNiO.l  PT  ceramics,  steps  appear  between  the 
data  obtained  by  the  low  frequency  measurement  and 
that  obtained  by  the  high  frequency  measurement.  The 
reason  for  this  phenomenon  is  not  very  clear.  It  may  be 
due  to  the  experimental  error  or  to  the  manners  in  which 
the  AC  field  were  applied.  In  the  low  frequency  measure¬ 
ment,  the  DC  bias  held  was  simulated  by  a  quasi-static 
driving  AC  field  (0. 1 -10  Hz)  and  the  AC  field  is  essential¬ 
ly  the  same  held.  On  the  other  hand,  in  the  high  fre¬ 
quency  measurement,  the  DC  bias  held  is  a  true  static 
field,  while  the  AC  field  is  a  small  amplitude  ( >  2  volts) 
with  the  frequency  above  100  Hz.  In  the  relaxor  ferroelec- 
trics,  the  energy  barriers  for  the  polarization  process 
distribute  over  a  range.  When  the  amplitude  of  the  ap¬ 
plied  AC  field  is  fixed,  frequency  dispersion  takes  place 
because  different  times  are  required  for  the  polarization 
processes  with  different  energy  barriers.  When  the  fre¬ 
quency  of  the  driving  held  is  Axed,  the  amplitude  of  the 
driving  held  may  also  produce  different  dielectric  and 
piezoelectric  responses.  Consider  the  dielenric  response 


at  the  same  electric  held  level’,  a  small  AC  field  oscillating 
on  the  top  of  a  true  DC  bias  held  may  e.xclude  more  con¬ 
tributions  from  the  polarization  processes  with  larger 
energy  barriers  than  a  large  swing  AC  held.  This  may  be 
the  reason  why  a  step  decrease  from  10  Hz  to  100  Hz 
occurs  for  0.93  PMN:0.07  PT  and  0.9PMN:0.IPT 
ceramic  compositions.  For  PMN  and  Laooi(0.93 
PMN:0.07  PT)o«  ceramic  compositions,  room  tempera¬ 
ture  is  on  the  right  side  of  the  dielectric  maximum,  intrin¬ 
sic  polarizability  become  more  important  for  the  polariza¬ 
tion  processes.  The  distribution  of  the  "energy  barriers" 
narrows  down  considerably:  therefore,  the  step  decrease 
from  10  Hz  to  100  Hz  is  not  obvious.  An  extreme  case  of 
this  phenomenon  may  also  be  found  in  normal  ferroelec- 
tries.  The  large  magnitude  of  the  P-E  slope  at  the  coer¬ 
cive  held  of  the  dielectric  hysteresis  loop  can  not  be  ob¬ 
tained  when  the  ferroelectric  is  biased  at  the  coercive  held 
and  the  dielenric  permittivity  is  measured  by  a  small  e.x- 
citation  AC  electric  held. 

4.3  Potential  piezoelectric  applications 


Q  (10  ^*aiVc^) 


It  !S  observed  that  the  maximum  piezoelectric  d-.-. 
coerticiem  at  the  10  kHz  range  amounts  to  800  pC, 
which  IS  larger  than  that  observed  in  PZT  ceramics.  Such 
a  high  frequencv  piezoelectric  coeificient  suggests  the 
possibilitv  o('  'his  iamily  of  ceramics  for  sonic  and 
ultrasonic  applications.  Lnder  a  DC  bias  field,  the 
materials  are  piezoelectncally  active  and  therefore  can 
sense  the  mechanical  and  acoustic  perturbations  in  a 
passive  fashion.  If  such  a  signal  is  fed  back  to  control  the 
field  applied  on  the  transducer,  the  transducer  can  also 
deform  m  an  active  fashion. 

The  sensitivitv  of  the  piezoelectric  effect  can  be  con¬ 
trolled  and  switched  “on"  and  "otT'  by  a  DC  bias  field. 
Such  a  feat  can  not  be  accomplished  in  a  permanently 
poled  PZT  ceramic.  It  is  quite  possible  that  switchable 
transducers  of  this  type  find  useful  applications  in  the 
field  of  sonics  and  ultrasonics. 
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COEPnciXNTS  OP  Lr-DOPIO  0.93  Pb<Mgi/9Nb2/3)03:0.07  PbTiOs 
Under  DC  Bust 


DJ.  Tavlor,  D.  Damjanovie,  A.S.  Bballa,  aad  L.E.  Croas 
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Tbt  Ptnaayhraola  Stato  Unlrtrslty 
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aRSTRACT:  Connlta  mattiiai  pvanran  (piaaoatoeiric  coafRcient  d3i, 
elasde  su^>  ud  tm  diaJeenic  coostam  K33)  of  the  relaxor  ferroelectric 
ceramic  (l*x)  Pb(Mgi/3Nb2/3)03*xPbTi03  (x  •  .07)  with  1%  La 
(iMthaawn)  mam  iWMiu^  M  e  ftmc^  a#  htl  flald  miiig  >  hTreMwatHT 

The  values  of  the  dieleeak  sad  pieaoelectric  phase  sa^  are  fooad  to  be 
^'■^s™****  (Le.,  arouad  0.04  (tar  a  d.e.  bias  (m  of  2X kV/cm),  while  the 
elMB  phase  sa|^  is  aa  order  of  magaiBide  smaller  (0.001  for  the  saaae  d.c. 
bias).  Ftar  comiMrison  of  complex  antarial  parameters  fetud  from  bar 
rcsoaasaca,  a  sample  la  the  font  of  a  small  disk  U  used  to  measure 
Poisaoa's  ndo  as  well  tt  the  teal  oompooeas  of  the  pieaoeleeade  and  elastic 
coeffideais  as  a  (taaeiioa  of  bias  field. 


INTRODUCTION 

Id  1938,  Smolaaslditepoiwd  lay  dielecttfc  sad  eieaoelectric  constants  in  a 
complex  perovaldm  lead  manesiiimniobaia.Pb(Mgi/3Nb2/3)03(PMN).^  These 
piQpenies  of  PMN  (and  PMN<baaed  maasials)  have  many  device  applications 
incuidiag  mnldlayer  c^Mdms  aad  acaators,  dielecaic  or  pyroelectric  bolometers 
and  elee8»«pcie  abaosn. 

PMN  is  a  relaxor  fsnoelaesic^  ^hthMin  a  dllftaae  phase  oaasition.  Its 
dielecsis  oqrshbi  and  dlasfoedoa  (hEior  ate  looogiy  ftegneacy  depeadeac  With 
iacmaajagfraycy  foe  dlMscglccoastaatdecwaiaaiaaBgatoide  aad  the  maxima 
shifts  SB  hlghar  tompanana,  while  for  the  dWacsie  aaft*  masiaaB  decnaae  with  an 
incieaae  ia  fteaBaacy.  The  relaxor  dMecnic  maxima  at  1  kHa  occtas  at  -IS'C. 
However,  wifo  the  addUoa  of  PbTlOs  (PT)  (Curie  temperamre  «  490*0.  the 
relaxor  Te  can  be  teiaad  whils  the  solid  soittdoa  can  maiaiaiB  its  fovorable  relaxor 


In  the  pesL  aevesal  saidias  have  been  made  on  the  pieaoeiecatie,  elastic,  and 

dtelacsie  coostaaa  of  PMN  ceramics,  but  very  few  studies  have  explored  the 
pieaBelecadc,  elasde,  aad  dWeesic  poperdes  u  a  function  of  dx.  biu  or  the 
relaiinndiipbewreiBfoediBfocadcandpierwlactriephMeaBale.  The  uusm  of  this 
paper  is  to  peasant  ont  itiidal  findings  on  the  field  dapendsnca  of  dsi,  dielectric 
consaoL  elasde  cooBfoiaBee  sad  the  imaginary  pans  of  these  complex  parameters  in 
0.93  PMNdLOT  PT  eeraades. 
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In  dw  present  work  the  coaaposition  (1-x)  PMN-xPT  (x  >  0.07)  with  1%  La 
doping  has  been  selected.  In  aoeocdaoee  with  the  solid  soludon  phase  dlagnni.^ 
the  composirion  with  x  ■  0.07  is  a  good  candirtaa  for  a  switehable  pieaoewetrie 
material.  Withtfae  l%addidonof  LatheCuiietetnpentuieoftheeotBposidonis 
shifted  down  below  toon  tenyenturs.  and  with  the  applied  electric  bias  field  it  is 
possible  to  switch  the  oaierial  foom  the  passive  (non>piezoeleeaie)  to  the  active 
(piezoelectric)  state.  The  addirioa  trfLa  alia  piceaetM  Tht  sintfred 

bodies.  The  ability  to  control  grain  growth  conld  lead  to  a  valuable  study  of  the 
electroinechanical  ptoperdes  of  PMN«PT  system  as  a  ftmcticn  of  grain  size.  The 
compositions  near  the  PMN-PT  solid  solntioo  morphotropic  phase  boundary  (x  > 
0.30»0.33).^  where  largsr  values  of  the  piezDelecttic  coeffifems  conld  be  expected, 
have  a  transitiaa  into  the  pataelectrie  (cubic)  phase  around  100*C  Thus,  these 
compositions  an  nor  suitable  for  toom  temperaiun  switddng  applicadons  as  the 
matnial  will  remain  poled  (piezoelectric)  even  after  the  electric  bias  field  is 
removed. 

CXPCftlMDITAL  MITROOt 

(a)  The  MMaaremMS  Teehafona 


The  technique  used  mmeeaunmearialpatameianM  a  ftmcdon  of  bias  St 
room  tetnpotatom  is  shown  in  Rg.  1.  ft  usee  an  HP  4192  Impedence  Analyzer.  HP 
9121  Computer,  ifigh  Volrap  Power  Supply,  two  blocking  daenitB,  and  a 
holder  adapted  to  Impedance  Anelyzer.  The  details  of  this  system  will  be 
fomistaed  in  soother  peper.^ 


Rgnve  1. 
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The  seoples  (approx.  >  95%  theorodeal  densiiy)  woe  cut  and  polished 
with  3  mieroa  alumina  and  fold  eleetrodea  wera  sputtered  on  two  opposite 
suiftcea.  Meamremenii  of  complex  pieaoelee8ie,dieleeaie,  and  elastic  constana 
of  PMN:FT  u  a  ftuedoa  of  Uaa  were  obtained  for  eleeoic  fields  u  high  u  15 
kV/em.  Beyond  these  fields  the  samples  may  have  breakdown  and  thus  the 
measurement  system  wu  designed  with  blocking  dxcuitt  in  order  to  protect  the 
Impedance  Analyaer. 

The  placement  of  the  sample  in  the  cirenit  wu  determined  to  minimize 
paruidc  elemena  thu  would  combine  with  the  sample  to  give  additional 
impedance.  However,  a  conecdon  factor  wu  applied  in  the  softwm  in  order  to 
take  into  aecouu  the  pamside  elements  thu  are  a  consequence  of  the  blocking 
citeuits  enqdoyed.* 

The  HP  computer  wu  interfaced  with  the  Impedance  Analyzer  and  using 
software^  the  itiqwdance  of  the  sample  neu  resonance  wu  determined  u  a  function 
of  fiequency  for  an  applied  dx.  field 


(b)  Calceiatien  of  the  Coaptai  dst.  su*.  Kj,  ami  ksi  fbr  Bar  RaseeMar 

For  a  given  bar  resonator  with  its  length  (1)  »  t  (thickneu),  1  >  3w 
(width),  and  tor  a  dc.  field  applied  perpendicniu  to  its  length  direction,  the 
admittance,  Y.  of  the  bar  can  be  deactibed  by 


where  su.  dsi,  and  en  xro  assumad  to  be  the  coorolex  quantities  (Le.,  $ii 
-  j»i  i* .  d3i  ■  d3i'  -  j<^r,  and  en*  ■  €33^  •  je33“). 


(1) 


sii 


E’ 


The  calculation  far  the  real  and  imaginaiypiexoelecgic.  elastic,  dielectric, 
and  ccyplingcneffirienia  of  a  bar  resonator  aw  based  on  the  method  described  by 
Smits.x  The  proosdaaaimmlves  three  moonremeus  of  the  admiaanoe  and  an  initial 
gueu  of  the  elaadc  oonaant  The  vafarei  are  detanninad  in  an  itandve  method  for 
the  complex  admittance  u  three  ftaquanclM  near  the  resonaiice, 

The  maaarial  coupling  factor,  lE3t,  is  dewminad  by  usiag  an  expression:^ 

*»■  4'  (^*,0 


(2) 


4 


0.  I.  TAYLOft««t 


(e)  CileilaUM  of  tk«  RmI  Part  of  sti>,  dji.  tad  PoiaoM'i  Ratio  for  a 

Tkla  DIak 

Tho  ft*  rail  cotnpooono  of  in,  dsi.  and  Poisson's  ittio,a^  of 

a  thin  disk  is  based  on  a  procedure  developed  by  S.V.  Bogdanov  and  A.M. 
Tnoonin*^  and  involves  uMUursmenu  of  the  series  (ft)  and  parallei  (fp)  frequency 
of  the  fundamental  resonanee  and  the  series  frequency  of  the  first  haiaonic  for  the 
radial  "wif  of  the  diski  The  series  frequency  ts  taken  at  maximum  conductance 
and  the  parallel  frequen^  at  maximum  resistance  for  respective  resonances.  The 
equadonthatderetiBUiesdsi  ia: 


<4,  - 

where  Af  «  fp  *  ft  and  Ki  is  the  first  root  of  the  saascendental  equation  which 
defines  the  condition  for  the  occurranee  of  mechanical  resonance  for  radial 
vibrations  of  the  dun  piexoeioetrie  disks.  Further  details  of  the  calculations  are 
described  by  Danqsimvie.’ 

RISULTS 

The  resttlta  of  the  real  component  of  dji  frir  bar  and  disk 

resonators  is  shown  in  Rg.  2.  The  ww«ifi%nw^  for  the  bar  and  both 


Rgurel.  D.C  field  dnaadenen  of  the  real  (d3i’)  and  ifflagiiiaryfdsr)  part  of  dsi 
of  0.93  PMHd).07  FT  canaoics  with  1%  La. 
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naeasand  ti  room  naMsan  is  bcc«««  1 10  pC/N  iiid  1 15  pC/N  and  oceun  at  a 
bias  fldd  of  11*12  kV/en  TIitnajQflBBflaaf  tot  disk  was  slightly  Utter  than  tho 
bar  shapad  saap^  wo  diffinn  sm^Io  gtooMBiaa  far  atastmag l3i'  gave 

tho  MOM  aannal  coofflekn  aad  wiian  tbo  euivot  otn  to  zoo  Mid. 

d3i'  valiMS  approach  zare  u  axpactad.  crka  saapla  with  oo  bias  field  U  in  the 
paiaaiaeBie  saa  with  no  pMacaioinie  propaRjr.) 


The  imagfaiafy  pan  of  dit  was  daianniaad  only  for  a  bar  sample  and  U 
shown  in  Fig.  2  (with  a  daahad  lino).  FOr  variona  biu  elacoie  fields  dsi”  hu  a 
masnuBvdan-apONttaaaloeflEtefiaid-SkV/cm.  b  U  imeresdng  »  note  that 
the  imaghuay  d3i  "  naidaum  ooeon  at  lower  field  levels  as  coovarad  » (hat  of  the 

real  pan  of  the  d3i  value.  This  behavior  is  similar  in  nature  to  the  way  the 
maTrimoiB  diisipatiinii  factor  occun  befiam  the  dieleeBte  nmiiiimM  ,n 

constantvetsnsMipamBimtiiunitiianti  (of  a  typical  ralaKorPMN). 


The  real  and  taagiaafy  dielaesie  constant  K33  (K33  ■  ess'^/Co,  whete  £e  is 
the  petBittivity  of  ftee  spnco)  for  the  bar  samplaa  u  a  fiiacdon  of  d.e.  biu  U 
shown  in  Fig.  3.  When  enrapolated  to  zero  field  vahiaa,  the  dielecaie 
value  is  12.WXI.  Conflmndon  of  the  rani  pan  of  the  dielaesie  pendniviiy  of  the 
bar  saffli^  wu  mado  with  an  indepsAdem  measamoant.  The  dieleetzie 
pemdidvin  tnaasoed  at  100  kHa.  near  the  samplu  resonance,  wu  12J00  (in  a 
weak  ax.  field  *>  2  mV/ctn)  whieh  compates  well  with  the  exsapolaiad  value  of 
K33’. 


Figure  3. 


Plot  of  real  (Kis*)  and  imagiaaiy  (K33'')  pan  of  dielaesie  eonsant  u  a 
funedon  of  dx.  biu  at  the  samto  resonance.  Indapanrtant  weak  field 
maasonaBant  for  K33’ is  12J0d  near  the  satn^  laaonanen. 


J  0.  J.  TAyUMofli 

Hw  iaafiiiny  pttt  of  dM  didcetrie  coBsam  vena*  field  fbr  a  btf  is  sbowi 
(with  e  dashed  lue)  u  3.  Tlie&endof  tfaeioiafh^dieieafiecoiisiancisto 
decnese  u  ooe  would  expect  for  a  lehaar  fieeraeieemc.2 

The  ml  paR  of  stt  for  the  bar  and  disk  saaapks  is  shown  in  Fig.  4.  The 


in-'  "VAi-. ■>■■■•  fr: rr*; . rT7-T^i »t7 


msgnimde  (•  2%)  between  values  for  the  disk  sad  bar  samples  is  probably  due  to 
the  inaocuney  in  detemlnlag  the  dfanensions  sad  density  of  the  samplea.  The 
imagiaanr  pan  of  sn  is  also  shown  in  Rg.  4  with  a  dashed  line  and  it  vaiies 
slightly  with  field  (- 3%)  in  comparison  to  the  snbstandal  ehaagas  maasund  ia  the 
imagiiiafy  pan  of  complex  d3i  sadKis. 


Elnetrie  Bios  Fiold  (kV/cm) 


Figure  4.  Ron  of  real  (sn')  aad  inagiaaiy  (sn  ")  pan  of  elasde  compliaoce 
venus  dx.  bias. 


aods7s‘)sinsbowaasaftanleaof  lc.biaa.  Themagninideofthepienoelecaic 
aad  dieiscadB  phase  aaglM  an  oompanble  leadiag  us  to  believe  that  the  dlspenian 
of  the  pieneiectrie  coafSefoM  is  most  Ulmly  due  to  dw  same  type  of  effocts  that 
cause  the  disparrin  in  dM  iriadve  dWsenfo  peraanivity^ 

The  mechaaical coupliagcoefRcient  m  calculawd from  the  d3i,  sn,  sad 
633^  dam  on  a  bar  la  shown  in  Rg.  6.  The  maximum  ksi  renehn  13%  at  field 
levels  of  15  kVAem.  Also  whan  exarapoiaied  to  taro  field,  1qi  appnachn  amo  u 


ton  B 
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Hgttre  S.  Oieleetrie.  piczoeiectrie,  uid  eltsoe  phue  aaglo  ts  meuaxtd  with 
varioiu  levdb  of  dc.  bias. 
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in  0.93  PMI^.07  FT  with  1%  La  disks. 
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Poisson's  ratio  calculatsd  for  a  disk  resonator  stmpie  is  shown  in  Ftg.  7. 
The  values  an  compasable  to  thcoe  found  in  pun  PMN.^^ 


FtgunT.  Poisson's  ratio  (012)  as  calculated  from  the  resonance  measumaents. 


CONCLUSIONS 

The  real  and  insfiiiaiy  values  of  d3i.  sn.  and  K33  along  with  ksi  and  012 
are  detemnnad  for  the  composition  (l>x)  Ph^*(x)PT  (x  ■  0.07)  with  1%  La.  The 
maxiiinm  real  part  of  d3i  for  this  malarial  is  "  114  pCyN  with  a  (Lc.  bias  field  of  12 
kV/ctn.  While  the  sin  of  the  piesoalectrie  and  dielectric  phase  angle  are 
comparable,  the  •(■t***^  phase  angle  is  an  order  of  magnitude  wiMler  and  remains 
essentially  consam  with  a  dx.hiaa.  Also,  the  measured  value  of  Poisson's  ratio  is 
cooqnnbie  to  that  fomd  in  pore  PMN. 

The  measureaana  on  varions  compositions  in  the  PMN:FT  system  and 
antifeiToelaeaties  tt  a  ftaedon  of  tamperMure.  field,  and  the  processing  conditions 
of  the  MwipU  is  10  piugiMS  and  will  be  lepwied  in  the  forthcoining  publications. 
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EFFECTS  OF  THERMAL  TREATMENT  AND  DC  BIAS 
ON  DIELECTRIC  AGING  IN  THE  PLZT  9.5:65:35 
RELAXOR  FERROELECTRIC  CERAMIC 

W.  Y.  GU.  W.  Y.  PAN  and  L.  E.  CROSS 
Materials  Research  Laboratory,  The  Pennsylvania  State  Universitw  University 

Park,  PA  16802  USA 
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The  dielectric  aging  effects  after  thermal  treatments  and  under  DC  bias  were  studied  and  delineated 
for  Lead  Lanthanum  Zirconate  Titanate  (PLZT  9.5:65:35)  relaxor  ceramic.  Under  room  temperature 
aging,  dielectnc  constant  and  loss  tangent  as  a  function  of  aging  time  obey  a  power  law  (K  =  Koi '  ') 
and  the  power  index  (n)  follows  the  logarithmic  law  with  measured  frequency.  The  aging  rate  was 
enhanced  by  the  quenching  prior  to  the  aging  process.  The  DC  bias  reduced  the  aging  rate  especially 
under  high  measured  frequencies.  During  aging,  the  Cole-Cole  plot  shrinks  with  aging  time  in  such  a 
way  that  the  average  relaxation  time  constant  decreases  and  the  distnbution  of  relaxation  time  constant 
become  narrow  with  aging  time.  All  the  effects  are  correlated  and  modeled  with  the  characteristics  of 
relaxor  ferroelectrics.  The  aging  process  looks  like  that  the  polar  microregions  have  a  preferred  ori¬ 
entation  corresponding  to  the  deepest  minimum  in  energy  and  its  contribution  to  the  total  permittivity 
will  decrease. 


1.  INTRODUCTION 

Dielectnc  aging  is  a  well-known  phenomenon  observed  in  ferroelectric  and  anti- 
ferroelectric  crystal  and  ceramics.  It  is  generally  accepted  that  aging  is  caused  by 
the  stabilization  of  the  domain  contribution  due  to  the  interaction  between  defects 
and  spontaneous  polarizations. It  has  been  observed  that  in  BaTiO/  and  other' 
ferroelectrics  that  permittivity  and  dielearic  loss  reduction  follow  a  logarithmic 
aging  law  under  a  constant  temperature  for  many  years.  It  vyas  also  shown"  that 
both  real  and  imaginary  parts  of  the  dielearic  constant  strongly  deviate  from  the 
logarithmic  aging  law  and  tend  to  level  out  with  time.  In  normal  ferroelectric  it 
was  shown  that  K'  and  K"  plots  for  isothermal  aging  are  straight  lines.^  while  in 
relaxor  ferroelectric  the  plots  are  curved.  Clearly,  normal  ferroelectrics  and  relaxor 
ferroelearics  have  different  aging  behavior.  The  difference  is  obviously  caused  by 
different  composition  and  phase  homogeneities.  The  role  compositional  hetero¬ 
geneity  on  the  relaxor  behavior  was  confirmed  by  Setter  et  al.*  this  heterogeneity 
must  modify  the  dielectric  aging  as  well. 

For  the  investigated  relaxor  PLZT  ceramic  of  the  composition  9.5:65:35  there 
exists  a  volume  fraction  of  ferroelearic  polar  region  embedded  within  a  non-polar 
matrix  at  room  temperature.*  Cross  et  a/."-***  have  suggested  that  the  height  of  the 
energy  barrier  (<t>)  between  equivalent  dipole  directions  is  proportional  to  the 
volume  of  the  polar  region.  These  barriers  become  comparable  to  the  thermal 
activation  energy  (kT  ~  <t>)  and  the  polar  veaors  reorient  thermally  with  a  relax¬ 
ation  character,  if  the  volume  of  the  polar  miaoregion  is  small  enough.  For  com- 
positionally  heterogeneous  crystals  due  to  the  compositional  fluctuations  the  local 
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symmetry  at  a  given  polar  region  may  not  be  the  same  as  (lower  than)  the  global 
crystal  symmetry.  Thus,  the  preferred  vector  directions  for  polarization  may  not 
be  exactly  energetically  equivalent,  and  they  may  not  necessarily  conform  exactly 
at  the  direction  prescribed  by  the  prototypic  form.  According  to  this  model,"  "  the 
polar  microregions  will  have  a  preferred  orientation  corresponding  to  the  deepest 
minimum  in  energy  and  its  contribution  to  the  total  permittivity  will  decrease  as 
the  local  anisotropy  increases. 

In  this  paper,  we  present  a  systematic  measured  data  on  dielectric  aging  in 
relaxor  ferroelectric  using  PLZT  9.5:65:25  as  a  representative  material  and  correlate 
the  observed  properties  with  the  fundamental  characteristics  of  relaxor  ferroelec- 
tncs. 


2.  EXPERIMENT  PROCEDURES 

The  permittivity  and  loss  tangent  were  measured  with  a  multi  frequency  LRC  meter 
(HP4274A).  The  field  level  used  in  this  measurement  was  23  V/cm.  llie  measure¬ 
ment  was  performed  without  DC  bias  for  annealed  samples.  For  the  quenched 
samples  the  measurement  was  performed  with  and  without  DC  bias.  For  the  meas¬ 
urement  under  DC  bias,  a  DC  held  of  2.34  kV/cm  was  applied  to  the  sample  during 
aging.  The  measurement  was  carried  out  at  the  frequency  range  from  1(X)  Hz  to 
100  KHz.  A  micro  computer  (HP9816)  was  used  for  system  control  and  data 
acquisition  and  also  for  calculating  and  fitting  these  measured. results. 

The  Lanthanum  modiSed  Lead  Ziioonate-Titanate  ceramic  Pb,.^,(ZrvTi,.v)i.,4 
Oj.  abbreviated  PLZT  X:Y:Z  (X  =  lOOx.  Y  =  lOOy  and  Z  »  100  -  Y).  of 
composition  9.5:65:33  is  used  in  this  study.  The  hot  pressed  and  transparent  samples 
were  cut  from  a  large  block,  and  then  polished  with  one  micron  diameter  paste. 
The  samples  were  then  annealed  800*C  for  one  hour.  Cold  were  then  sputtered 
on  both  sides  as  elearode.  For  quenching  treatment,  after  heating  to  high  tem¬ 
perature  in  a  PbO  atmosphere  for  one  hour,  the  sample  was  then  quenched  in  air. 
One  or  two  minutes  were  required  for  cooling  down  from  the  elevated  temperature 
(400"C)  to  room  temperature.  The  aging  process  was  carried  out  at  room  temper¬ 
ature  (~23"C).  The  thermal  deaging  and  depoling  at  more  than  200"C  one  hour 
was  performed  before  annealing. 


3.  EXPERIMENTAL  RESULTS 

Because  of  the  sample  was  aged  in  furnace  during  the  annealing  prior  to  the 
measurement,  we  add  12  minutes  room  temperature  aging  time  to  take  the  aging 
during  the  annealing  into  account.  If  we  plot  the  permittivity,  loss  tangent  and  loss 
factor  (the  imaginary  pan  of  dielearic  constant)  versus  the  aging  time  by  double 
logarithmic  scale,  it  was  found  that  these  measured  points  are  almost  linear  (Figure 
1).  This  indicates  that  the  aging  effect  for  this  PLZT  ceramic  follows  the  power 
law.  The  Cole-Cole  plot  for  different  aging  times  are  presented  in  Figure  2.  As 
shown  in  the  figure,  the  Cole-Cole  plot  shrinks  with  aging  time. 

For  the  sample  quenched  from  1()0*C.  the  aging  process  is  shown  in  Figure  3. 
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PERMITTIVITY  K' 

FIGURE  2  The  Cole-Cole  plot  by  the  measured  points  and  the  mathematical  fitting  on  different 
aging  time  for  annealed  sample.  From  I  to  8.  the  aging  time  respectively  are:  12.  11.  42.  IIXI. 

460.  1580  and  3698  minutes 
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AGING  time  (Hin.) 

FIGURE  3  The  penniitivity.  lou  and  loss  faaor  depeodeni  aging  ume  for  100‘C  quenched  sample 


The  measured  points  are  almost  linear  with  a  double  logarithmic  scale,  indicating 
the  aging  process  also  follow  power  law.  The  quenching  temperature  is  higher  than 
the  transition  temperature  (the  peak  of  permittivity),  therefore  the  quenching  time 
is  the  start  time  for  aging.  The  Cole-Cole  plot  for  this  quenched  sample  at  100”C 
(eleven  different  aging  times)  are  shown  in  Figure  4. 

Figure  5  shows  the  typical  permittivity  curves  for  the  temperature  dependence 
of  a  400”C  quenched  sample  at  different  aging  time.  Permittivity  and  loss  are  plotted 
as  a  function  of  the  aging  time  for  the  400*C  quenched  sample  as  shown  in  Figure 

6.  The  measured  points  are  almost  linear  with  a  double  logarithm  scale,  indicating 
that  aging  also  follows  the  power  law.  The  Cole-Cole  plot  in  a  broad  sense  under 
different  applied  frequencies  for  400*C  quenched  sample  are  presented  in  Figure 

7.  The  shape  of  curves  during  aging  looks  similar  to  that  in  MnO  doped  PMNPT." 
Figure  8  shows  the  Cole-Cole  plot  for  different  aging  time  in  the  quenched  sample. 
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PERMITTIVITY  K' 

FIGURE  4  The  measured  and  fitted  Cole-Cole  plot  on  different  aging  time  for  1(X)°C  quenched 
sample  The  agtng  time  respectively  are:  1.2.  3.  10.  27.  98  .  290.  1100,  2980.  9270.  29890  and  63300 
minutes  (from  I  to  11). 

The  aging  process  for  the  sample  quenched  from  100*C  with  DC  bias  is  presented 
in  Figure  9.  Permittivity  and  dielectric  loss  also  follow  power  law  with  aging  time. 
Figure  10  presents  the  Cole-Cole  plot,  and  this  plot  shrinks  during  aging. 

Figure  1 1  presents  the  permittivity  and  dielectric  loss  measured  under  DC  bias 
versus  aging  time  for  400‘C  quenched  sample.  For  the  aging  process  with  DC  bias. 


FIGURE  S  Typical  curves  of  the  temperature  dependence  of  the  permittivity  for  different  aging  time 
|400’C  quenched  sample). 
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AGING  TINE  (Nin.) 

FIGURE  6  The  penniitivity.  loss  and  loss  (actor  as  a  funaion  o(  aging  lime  for  quenched  (-UXTC) 
sample. 

permittivity  and  dielectric  also  follows  the  power  law.  The  Cole-Cole  plot  shrinks 
with  aging  time  (Figure  12). 


4.  DISCUSSION  AND  SUMMARY 

The  comparison  of  the  coefficients  obtained  from  the  logarithmic  law  and  power 
law  for  quenched  and  annealed  samples  during  aging  at  room  temperature  are 
presented  in  Tables  I  and  II.  The  n  values  of  the  loss  factor  for  logarithmic  law 
were  obtained  in  two  ways,  the  first  coefficient  was  fitted  from  the  measured  data, 
and  the  second  one  was  calculated  from  the  logarithmic  coefficients  of  permittivity 
and  loss  tangent.  In  the  same  way.  the  two  power  index  for  the  loss  factor  were 
also  compared.  Clearly,  the  examined  reixxor  PLZT  ceramics  followed  the  power 
law  closer  than  the  logarithmic  law  in  the  aging  process,  for  the  permittivity  (K'). 
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LOSS  FACTOR  K“ 

FIGURE  7  The  Cole-Cole  plot  in  a  broad  sense  dunng  aging  by  the  ten  dilfereni  frequency  (or  4(J0°C 
quenched  sample. 


dielectric  loss  (tan&)  and  the  loss  factor  (K").  The  power  aging  law  also  fit  the 
aging  process  for  samples  quenched  at  different  temperatures  with  and  without 
DC  bias  by  the  following  equations: 

K'  =  K, tan8  =  K”  = 

It  was  well  accepted  that  a  logarithmic  law  holds  for  a  normal  ferroelectric. 
However,  a  relaxor  ferroelectric  made  up  of  the  ferroelectric  phase  within  the  non 
polar  matrix.*'  ''  The  power  aging  law  may  be  the  result  of  mixture  of  different 
phases  and  compositions,  each  of  these  phase  and  compositions  may  follow  the 
logarithmic  law. 

The  dipole  flipping  frequency  /  is  given  by*: 

/  =  /J  exp(  -  «l>/kT)  or  log  /  *  A  -  Btt/kT 


PERHITTIVITY  K' 

FIGURE  8  The  measured  and  Tilted  Cole-Cole  plot  for  MXfC  quenched  sample.  From  I  to  9.  the 
aging  time  respectively  are.  1.2.  3.  10.  27.  97  .  285.  1068.  3126  and  7286  minutes. 
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ie»  10*  ic*  le* 


Pging  Time  (min.) 

FICL'RE  9  The  permittivity,  loss  and  loss  factor  dependent  aging  time  with  DC  bias  for  I0I)‘C 
quenched  sample 


it  was  observed  by  Yao  ei  d/. that  under  high  enough  temperature,  a  strong 
dielectric  dispersion  occurs  even  under  an  applied  electric  field  bias,  which  means 
that  these  region  are  too  actively  flipping  to  be  stabilized  by  DC  bias.  It  may  also 
be  expected  that  these  regions  are  also  difficult  to  be  stabilized  by  defect  dipoles. 
Checking  the  power  index  with  measured  frequency,  one  finds  that  the  power  index 
follows  the  logarithmic  law  with  the  applied  frequency  (Figure  13).  At  low  measured 
frequency,  more  large  relaxation  time  constant  components  contribution  to  the 
dielectric  constant.  Under  high  frequency,  these  large  relaxation  time  constant 
components  make  much  (ess  contribution  to  the  dielectric  constant  due  to  the  delay 
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PERMITTIVITY  K' 


FIGURE  10  The  measured  and  fined  Cole-Cole  plot  measured  and  fined  with  DC  bias  for  lUCC 
quenched  sample.  From  I  to  7.  ihe  aging  lime  respectively  are:  1.2.  3.  10.  29.  87.  268  and  830  minutes. 
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FIGURE  1 1  The  pennittivit> .  loss  and  loss  factor  as  a  function  of  aging  time  with  DC  bias  for  quenched 
(400°C)  sample. 

and  dielectric  dispersion,  while  the  small  relaxation  time  constant  component  still 
make  significant  contribution.  The  aging  rate  is  higher  in  low  measured  frequencies 
which  corresponds  to  the  fact  that  the  flipping  of  polar  vectors  in  the  large  volume 
polar  microregion  is  easy  to  stop,  or  the  large  relaxation  time  constant  components 
age  faster.  During  aging,  the  same  larger  polar  microregions  are  age  out  and  no 
longer  contributes  to  the  dielectric  relaxation.  The  possible  reason  is  that  larger 
polar  microregions  are  easily  oriented  and  get  the  deepest  minimum  in  energy. 

Using  the  combination  of  both  Cole-Cole  and  Cole-Davidson  expressions,  the 
measured  points  may  be  fitted  in  a  Cole-Cole  plot  by  the  formula: 

K(a.)  -  K.  +  (K,  -  K.)/{[1  +  (iu>T)' -“]>-»} 


PEnMITTIVITY  K’ 

FIGURE  12  The  measured  and  fitted  Cole-Cole  plot  with  DC  bias  for  4(X)'C  quenched  sample.  The 
aging  lime  respectively  are:  1.2.  3.  10.  29.  88.  272  and  845  minutes  (from  1  to  7) 
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TABLE  I 


The  Companson  Agin$  Process.  Using  Logarilhtn  Lau 


frequenc)' 

(Hz) 

"i 

(VObi) 

fix 

(measured) 

n,*«; 

(calculated) 

error 

100 

487  249 

7.3142 

11.2742 

.3  56.38.3 

68 

200 

463,552 

8.4284 

11.9717 

3.90699 

67  .36'-, 

400 

435.896 

9,75.37 

11.2175 

4.25161 

62. 10^ 

1  K 

395.981 

11.397 

9.67800 

4  51300 

5.3. .37'", 

2  K 

361.326 

12.320 

7.52749 

4.45161 

40  «6''i 

4  K 

324.959 

12.929 

4  99051 

4  20124 

15  82^ 

10  K 

275  602 

13.342 

1  64416 

3  67723 

55.290 

20  K 

238.984 

13.262 

-  816885 

3.169.32 

125.80 

40  K 

201402 

1.3001 

-2  90344 

2.65745 

191.50 

100  K 

162.326 

12.492 

-5  16517 

2.02777 

1.39  .3'-r 

K(/)  “  Ko-n,logf  tan&(f)  •  D..-'i;logr 

K"(/)  ”  K*tan6  «  K..D..-(K,n:  D„n,)log»  ♦  n.n.doc/)- 
or  K'd)  =  Ki^-n.logr  +  n.dogM* 


The  fitted  results  are  shown  in  the  Figures  2. 4, 8, 10  and  12.  The  fitting  parameters 
are  given  in  Table  Ill.  The  fitted  results  are  like  the  proposition  of  the  system 
containing  a  distribution  of  relaxation  time  constant.**  even  though  the  PMNPT 
ferroelectric  ceramics  cannot  be  fitted  as  an  arc  of  circle  in  this  frequency  range 
at  room  temperature.  The  fitting  parameters  show  that  the  angle  of  tilt  of  the  arc 
from  the  real  axis  a  and  the  average  time  constant  t  decrease  during  aging.  The 
Cole-G}le  plot  become  smaller  in  the  process  of  aging.  The  change  of  permittivity 
is  larger  than  that  of  loss  factor  especially  at  low  frequency  range,  the  centre  of 
the  arcular  in  this  plot  was  lifted  toward  the  teal  axis. 

The  physical  meaning  of  parameter  a  is  the  distribution  of  relaxation  time  con¬ 
stant.  Since  a  decreases  with  aging  time,  this  distribution  become  small  as  aging 
continues.  This  process  will  narrow  down  the  distribution  of  the  relaxation  time 
constant.  As  these  large  relaxation  time  constant  components  age  out.  the  dielectric 
response  of  the  assemblage  will  be  taken  over  by  small  relaxation  time  constant 


TABLE  It 


The  Compamon  Aging  Process  Using  Power  Low 


frequeno' 

(Hz) 

"o 

'•k- 

(measured) 

rik  +  '»!. 
(calculated) 

Error 

100 

.0384721 

239094 

.277566 

276243 

4767'-, 

200 

0368394 

218192 

-155032 

.2.54119 

3.308'', 

400 

0.351604 

198975 

134136 

2324.54 

718:'', 

1  K 

0324016 

177284 

209686 

209411 

1310'-, 

2  K 

0.300289 

158778 

.188806 

188.345 

2445' , 

4  K 

0275002 

.1389.57 

166457 

1659UU 

3347S 

10  K 

0240034 

.116786 

.140797 

140095 

49.36'- r 

20  K 

0213408 

.100908 

.122248 

121510 

.6(U2'', 

40  K 

.0187808 

086.563 

105.343 

104.580 

.7:48'-, 

100  K 

.0155615 

.070938 

086499 

085694 

9422'-, 

The  calculation  h>  the  formulas' 

K'  »  k,./  ■^.  tan6  »  D.  i  " 

K"  -  k: -  K,.Dr  -•'-"O' 
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FIGURE  13  The  relaxation  between  power  index  and  measured  frcquencs  1.  3  -UXi  C  quenched 
sample:  2.  4  lOO^C  quenched  sample.  3.  4  Aging  with  DC  bias  (2. .''4  kV  cm) 

components.  The  average  time  constant  decreases  with  aging  time.  We  attribute 
such  effect  of  aging  on  the  dielectric  relaxation  to  the  freeze-in  of  orientations  of 
dipoles,  especially  those  with  large  time  constants  and  large  volume,  and  thus  no 
longer  contribute  to  the  dielectric  relaxation. 

Internal  stress  and  strain  energy  are  enhanced  by  the  quenching  in  comparison 
with  the  annealed  sample.  The  higher  the  temperature  of  quenching,  the  larger 
the  created  stresses  The  internal  stresses  break  the  non-polar  layer  between  the 
ferroelectric  phase.''  to  augment  the  ferroelectric  properties  of  the  sample.  The 
permittivity  is  higher  for  the  quenched  sample.  For  quenched  and  unaged  sample, 
the  permittivity  with  DC  bias  is  higher  than  the  result  without  DC  bias  (Figure 
14).  because  the  electric  field  with  internal  stresses  may  break  some  weaker  non¬ 
polar  layers  to  increase  the  ferroelectric  properties  of  this  sample.''  The  aging  rate 
was  increased  by  the  liberation  of  internal  stresses  during  aging,  and  by  larger 
volume  distributions  of  polar  microregions.  The  increased  aging  rate  was  shown 
by  the  increased  power  index  and  (Figure  13). 

With  DC  bias  applied,  polar  vector  flipping  is  already  suppressed  as  demonstrated 
by  Yao  er  a/.'-  There  are  less  flipping  regions  available  for  aging,  and  the  aging 
rate  is  therefore  reduced  especially  under  high  measured  frequency.  W'lth  DC  bias, 
the  ferroelectric  phase  was  poled  by  the  applied  field.  But  the  macropolarization 
IS  not  the  orientation  preferred  in  polar  microregion,  and  the  macropolarization 
does  not  correspond  to  the  deepest  minimum  in  energy.  Therefore  the  aging  effect 
IS  smaller  with  DC  bias  in  the  measured  frequency  range. 

When  the  applied  DC  bias  voltage  is  removed,  the  thermal  activation  energy 
may  move  certain  dipoles  to  depoling.  and  the  weak  measuring  field  may  modulate 
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nOURE  14 
sample;  2.4: 


TABLE  HI 


The  Parameters  of  the  Cole -Cole  Plot 


Treatment 

time 

(min.) 

K. 

K, 

T 

(MO-’sec.)  Q 

Annealing 

1.2 

6050 

2500 

4  66 

700 

0.02 

without 

11 

5890 

2500 

4.7 

.688 

0.08 

bias 

42 

5710 

2500 

4.9 

.678 

0.13 

100 

5560 

2500 

5.0 

.658 

0  18 

193 

5460 

2500 

5.2 

.645 

0.21 

460 

5275 

2500 

5.2 

640 

0.26 

1580 

5050 

2500 

50 

.620 

0.30 

3698 

4870 

2500 

5.0 

.600 

0  35 

Quenching 

1.2 

6325 

2500 

8.2 

.722 

00 

(1(M*C) 

3 

6130 

2500 

8.5 

.713 

008 

without 

10 

5880 

2500 

8.2 

.695 

0  13 

bias 

27 

5650 

2500 

78 

680 

0  17 

98 

5390 

2500 

7.0 

.665 

0  20 

290 

5170 

2500 

5.5 

648 

0.23 

1100 

4980 

2500 

4.2 

MS 

0  25 

2980 

4760 

2500 

30 

.620 

0.28 

9270 

4530 

2500 

2.8 

.600 

0.30 

29890 

4330 

2500 

2.7 

.570 

0.34 

63360 

4220 

2500 

2.5 

.578 

0.38 

Quenching 

1.2 

7180 

2500 

15 

.740 

0.0 

(40(rc) 

3 

6740 

2500 

12 

720 

0.08 

without 

10 

6360 

2500 

10 

700 

0.13 

bias 

27 

6050 

2500 

8.0 

.680 

0  18 

97 

5700 

2500 

60 

.660 

0.21 

285 

5420 

2500 

4.5 

.640 

0.24 

1068 

5130 

2500 

35 

.622 

0.27 

3126 

4890 

2500 

2.8 

.615 

0.30 

7286 

4655 

2500 

2.3 

.610 

0.33 

The  Cole-Cole  plot  are  fitted  by  the  combination  of  both  Cole- 
Cole  and  Cole-Davidson  expressions: 


Kfu.)  -  K, 


K,-K. 

(1  +  (/arr)'-)'  " 


PERMITTIVITY  K’ 

The  DC  bias  effect  for  quenched  and  unaged  samples.  In  the  figure  1.3:  4(X)*C  quenched 
100*C  quenched  sample  and  3.4  measurement  with  DC  bias  (2.34  kV'cm). 
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the  polar  vectors  to  follow  the  electric  field  variation.  So  the  permittivity  has  one 
sudden  rise.  For  same  reason,  when  a  OC  bias  voltage  is  applied  to  an  aged  sample, 
the  permittivity  is  increased  suddenly  because  the  polar  vectors  stabilized  under 
random  directions  are  pulled  closer  the  field  directions  under  these  directions  the 
polar  vectors  are  In  deaging  states. 

By  extrapolating  Cole -Cole  plot  and  the  examining  elation  between  the  power 
index  and  frequency,  one  observes  that  there  is  no  aging  effect  at  room  temperature 
at  the  applied  frequency  higher  than  the  10^  Hz.  Under  this  higher  measured 
frequency  the  large  ferroelectric  polar  regions  are  delay  and  dielectric  dispersion, 
therefore  no  longer  contribution  to  permittivity.  Only  paraelectric  phase,  no  polar 
matrix  and  some  enough  small  microdomains  which  very  difficult  to  stop  will 
contribute  to  dielectric  constant. 

Aging  of  the  dielectric  properties  in  the  relaxor  PLZT  ceramic  is  frequency 
dependent.  In  the  frequency  range  of  100  Hz  to  100  kHz.  the  decrease  of  these 
dielectric  properties  follows  the  power  aging  law  and  the  power  index  with  in¬ 
creasing  frequency  follows  the  logarithm  law.  Quenching  could  increase  the  fer¬ 
roelectric  properties  and  aging  rate.  The  power  index  is  reduced  with  DC  bias 
during  aging.  During  aging,  the  Cole-Cole  plot  shrinks  with  aging  time  in  such  a 
way  that  the  average  relaxation  time  constant  decreases  and  the  distribution  of 
relaxation  time  constant  become  narrow  with  aging  time.  In  this  study,  the  dielectric 
aging  could  be  considered  the  result  of  the  orientation  and  the  oriented  polar 
microregion  is  stable  and  corresponds  to  the  deepest  minimum  in  energy.  These 
oriented  microregions  will  not  contribute  to  the  dielectric  relaxation. 
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I.  INTRODUCTION 

The  complex  perovskite  Pb(Mgi;3Nbi,3)03  [PMN]  is  just  one  of  many  relaxor  fer- 
roelectrics  having  the  general  formula  Pb(B, 83)03.  PMN,  and  solid  solutions  thereof 
with  PbTi03  [PT]  and  Pb(Zni/3Nb2/3)03  [PZN],  as  well  as  other  relaxor  composi¬ 
tions,  are  excellent  materials  for  use  in  a  wide  range  of  applications  including 
electrostrictive  actuators, ‘  multilayer  capacitors,^  and  pyroelectric  bolometers.^  For 
any  of  these  applications  it  is  imperative  that  dielectric  aging  be  minimal.  Past 
studies'*'  on  aging  in  relaxor  ferroelectrics  (primarily  PLZT  and  PMN)  have  shown 
the  aging  rate  depends  on  many  variables  including  processing  parameters,  micro¬ 
structure,  dopant  content,  point  defects,  etc.  Though  great  strides  have  been  made 
with  respect  to  modelling  dielectric  properties  of  relaxors,  the  lack  of  detailed 
information  concerning  defect  structure,  conduction,  and  ordering  still  hinders 
theoretical  interpretation  of  aging  results. 

Significant  differences  between  the  aging  characteristics  of  relaxor  ferroelectrics 
(typified  in  Figures  1  and  2)  and  those  of  BaTi03-based  dielectrics  include: 

(1)  At  T,g,„g.  the  dispersive  character  of  e'  and  z"  is  strongly  damped;  lower  fre¬ 
quency  components  age  much  more  rapidly  than  high  frequency  components. 

(2)  Aging  occurs  at  T  >  T„. 

(3)  Cooling  to  T  <  T,,,„,  “recovers”  z'  and  e"  to  unaged  values. 

(4)  At  T  slightly  >  T,g,„g,  the  dispersion  remains  strongly  damped. 

(5)  Aging  is  not  log  linear;  over  short  time  periods  the  aging  rate  (A.R.)  is  much 
higher. 

Relaxor  compositions  can  be  prepared  which  exhibit  low  aging  rates  not  achiev¬ 
able  with  “normal”  ferroelectrics,  though  the  requisite  processing/dopant  details 
suffer  not  only  from  empirical  determination,  but  also  are  unattractive  from  a 
processing  point  of  view  (i.e.,  control  of  density,  grain  size,  and  second  phase 
formation).  For  instance,  excess  PbO  is  commonly  added  in  the  fabrication  of 
relaxor  ceramics  to:  1)  suppress  pyrochlore  formation.  2^  compensate  for  PbO 
volatility  during  heat  treatment,  3)  reduce  the  sintering  temperature,  and  4)  pro¬ 
mote  grain  growth.  However,  we  have  found  excess  PbO  additions  result  in  a  large 
degree  of  aging.  In  addition  to  excess  PbO,  excess  MgO  is  commonly  added  to 
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TEMPERATURE (•€) 

FIGURE  1  Aging  Behavior  of  PMN:10%  PT  doped  with  0.1  wt'/F  MnO.  Dielectric  response  vs. 
temperature  after  aging  for  different  times  at  ZO’C. 


PMN  to  help  prevent  pyrochlore  formation  and  to  increase  grain  growth  and  sub¬ 
sequent  dielectric  properties.  Also,  many  additives,  not  only  from  impurities,  are 
added  to  modify  T^,  ordering,  etc. 

The  purpose  of  our  ongoing  studies  is  to  correlate  the  effects  of  stoichiometry, 
dopant  additions,  and  processing  parameters  with  resultant  dielectric  properties. 


TCM«RHTUI»C<«C) 


FIGURE  2  Aging  behavior  of  PMN:  10%  PT  doped  with  0.1  wt%  MnO  showing  preferential  aging 
of  the  dispersive  component  of  K'. 
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point  defect  formation,  and  nanostructure  (i.e.,  ordering)  of  relaxor  ferroelectrics. 
This  paper  focuses  on  the  effects  of  stoichiometry,  dopant  additions,  and  sintering 
temperature  on  dielectric  aging  in  PMN-based  relaxors. 


II.  EXPERIMENTAL  PROCEDURE 

The  compositions  studied  were  based  on  solid  solutions  of  PMN-PT  and  PMN- 
PZN  modified  such  that  their  dielectric  maximas  were  near  that  of  room  temper¬ 
ature.  Powders  were  prepared  using  the  Columbite  precursor  method.*^  In  all 
cases,  calcined  powders  were  characterized  for  phase  purity  using  x-ray  diffraction 
analysis.  Reagent  grade  raw  materials  were  used  throughout. 

Compositional  modifications  included:  1)  varying  the  A:B  (ABO3  perovskite) 
ratio  through  excess/deficient  PbO  and  MgO  additions.  2)  acceptor  doping  with 
K‘ " .  and  Ag‘  * .  3)  donor  doping  with  La^^ .  and  4)  adding  multivalent  Fe  and  Mn. 
Nonstoichiometric  compositions  were  batched  as: 

Pb,(Mg„jNb,,3)03;  x  =  0.98,  0.99.  0.995,  1.005,  1.01.  and  1.02 

Pb(Mg,Nb„3)03;  x  =  0.30,  0.31,  0.32,  0.33,  0.34,  0.35,  0.36,  0.43.  0.53. 

0.63 

Dopants  were  evaluated  by  either  adding  them  directly  to  the  calcined  PMN.  or 
adding  them  to  the  precalcined  components  (stoichiometry  maintained). 

Disks  were  used  throughout  this  study  along  with  state-of-the-art  multilayer 
capacitors  containing  high  Ag:Pd  electrodes.  Sintering  was  performed  over  a  tem¬ 
perature  range  of  850°C  to  1250°C  depending  on  composition.  The  sintering  at¬ 
mosphere  with  respect  to  partial  pressure  lead  was  varied  by  sintering  in:  1)  closed 
alumina  crucibles  containing  PbZrOs  source  powder,  2)  a  coarse  PMN  sand  of 
similar  composition,  and  3)  a  commercially  used  zirconate-based  firing  sand  (for 
T  «  llOO'C). 

Weight  loss,  geometric  density,  phase  purity  as  determined  by  x-ray  diffraction, 
and  grain  size  were  determined.  The  grain  size  was  found  from  fractured  surfaces 
using  SEM  analysis.  Selected  samples  were  also  characterized  using  TEM  analysis 
to  investigate  the  influence  of  chemical  modification  on  the  nanostructure. 


table  l 


Effect  of  A:B  Ratio  on  Aging  Characteristics;  Effect  of  Excess  <-*  Deficient  PbO 


A:B  Ratio 

Percent  Aging 

’  Curie  Temperature  ” 

Multilayer 

Disk 

Multilayer 

Disk 

850'C 

950"C 

950'C 

(°C) 

(°C) 

0.980 

1.2 

2.2 

2.2 

17-18 

12-13 

0  990 

2.5 

3 

5 

17-18 

12-13 

0.995 

3.7 

5 

9 

17 

12-13 

1. 000 

4.5 

6.8 

12 

16 

12-13 

1.005 

5.5 

7.5 

14 

14 

12-13 

1.010 

6.5 

7.5 

15 

13 

12-13 
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Samples  were  surface  ground  and  electroded  using  sputtered  gold  or  a  fritless 
fire-on  silver.  Dielectric  properties  evaluated  included  capacitance  and  dissipation 
factor  measured  for  applied  frequencies  ranging  from  0.1  to  100  KHz,  over  a 
temperature  range  of  -55°C  to  125®C. 

Dielectric  aging  studies  typically  extend  to  over  1000  hrs;  to  facilitate  evaluation 
of  a  large  number  of  parameters,  relative  percent  aging  values  were  determined 
from  capacitance  readings  taken  at  24  hrs  and  on  a  deaged  specimen.  We  confirmed 
these  short  aging  rates  directly  correlate  with  those  gathered  during  extended  aging 
runs.  It  is  important  to  note,  however,  that  aging  rates  determined  in  this  stuOy 
as  well  as  conventionally  determined  aging  rates  performed  out  to  1000  hrs.  neglect 
information  on  the  level  and  degree  of  any  non-log  linear  behavior  observed  within 
the  first  1000  minutes. 


III.  RESULTS 

Aging  in  stoichiometric  PMN  is  generally  low/negligible,  but  can  vary  widely  de¬ 
pending  upon  processing  conditions  including  sintering  temperature,  time,  and 
atmosphere,  as  well  as  the  purity  of  starting  powders.  We  have  found  high  purity 
PMN  (starting  components  ^99.99%  purity)  has  a  negligible  aging  rate.  The  fol¬ 
lowing  sections  present  our  results  concerning  the  effects  of  nonstoichiometry  and 
doping  on  the  aging  behavior. 


A.  Effect  of  A! B  ratio:  excess  deficient  PbO 

The  effect  of  nonstoichiometry  due  to  excess  **  deficient  PbO  on  the  percent  aging 
is  tabulated  in  Table  I.  and  graphically  represented  in  Figures  3  and  4.  Two  effects 


FIGURE  3  “Percent  Aging"  vs.  A:B  ratio  and  sintering  temperature. 
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FIGURE  4  "Percent  Aging"  and  weight  loss  vs.  A:B  ratio 


are  immediately  apparent:  increasing  either  the  A:B  ratio  or  sintering  temperature 
increases  the  percent  aging.  Clearly  excess  PbO  additions  dramatically  increase  the 
aging  rate.  In  addition,  as  shown  in  Figure  5  the  aging  rate  for  disks  is  much  higher 
than  for  ^^he  multilayer  configuration.  As  discussed  below,  this  is  most  likely  at¬ 
tributable  to  the  electrode  material.  Though  not  graphically  shown,  maintaining  a 
lead  rich  atmosphere  by  sintering  in  a  closed  container  also  increases  the  aging 
rate. 


FIGURE  5  Comparison  of  aging  for  disk  and  multilayer  configurations  vs.  A:B  ratio. 
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Although  decreasing  the  stoichiometry  to  « 1.000  significantly  reduces  the  aging 
rate,  problems  exist  with  these  compositions  with  respect  to  processing,  i.e.,  pyro- 
chlore  formation  and  densification. 


B.  Effect  of  A: B  ratio:  excess  ■*->  deficient  MgO 

The  effect  of  nonstoichio’-  it  try  due  to  excess  deficient  MgO  is  tabulated  in  Table 
II,  and  graphically  represented  in  Figure  6.  Deficient  MgO  compositions  exhibit 
very  low  aging  rates,  while  excess  MgO  additions  continuously  increase  the  aging 
rate. 

As  contained  in  Table  II,  larger  MgO  additions  up  to  30%  dramatically  increase 
the  aging  rate  to  *30%.  Microstructurally,  at  this  dopant  level  free  MgO  is  found 
locally  isolated  at  not  only  triple  points,  but  also  dispersed  within  the  PMN  grains. 
For  10%  MgO  additions,  doping  with  0.5  wt%  Cr20j,  or  Mn02  dramatically  de¬ 
creased  the  percent  aging,  while  Fe203  left  it  virtually  unchanged. 


C.  Effect  of  dopants 

Table  III  contains  a  summary  of  our  results  on  the  influence  of  donor  and  acceptor 
doping  on  the  aging  behavior.  They  can  be  summarized  quite  simply:  for  PMN 
compositions  which  exhibit  aging,  acceptor  dopants  dramatically  increase  the  aging 
rate,  while  donor  dopants  decrease  it.  In  order  to  interpret  this  effect,  clearly  we 
need  to  understand  the  influence  of  dopants  on  the  concentration  of  electronic  or 
ionic  point  defects.  In  the  following  discussion  section  we  propose  a  simple  model 
for  the  defect  chemistry  of  PMN.  Within  this  scenario,  acceptor  dopants  can  be 
electronically  compensated  by  the  creation  of  holes,  i.e..  p  =  [A  ],  or  ionically 
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HGURE  6  "Percent  Aging"  vs.  magnesium  content. 
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TABLE  II 


Effect  of  A:B  Ratio  on  Aging  Characteristics;  Effect  of  Excess  <->  Deficient  MgO 


Mole  % 
Magnesium 

Percent  Agtng 

rochlore 
d  powder) 

Grain  Size  (fim) 

Curie 

Temperature 

Multilayer 

Disk  (calcine^ 

Multilayer 

Disk 

3 

2.7 

4.6 

1 

2-3 

3-4 

18 

2 

2.6 

3.6 

3 

2-3 

4 

19 

i 

3.3 

1.8 

3 

2-3 

2-3 

19 

0 

1.9 

1.0 

4 

2-3 

1-4 

20 

1 

1.7 

0.9 

3 

1 

1-2 

21 

2 

1.7 

1.1 

7 

1 

1-2 

22 

3 

— 

1.0 

13 

— 

1-2 

— 

Composition 

Additives 

“Percent  Aging" 

Percent  Weight  Loss 

PMN-PT 

_ 

4.0 

0.3-0.4 

PMN-PT  via  Mixed  Oxide 

10%  MgO 

25 

2 

PMN-PT  via  Columbite 

10%  MgO 

30 

2 

'■ 

20%  MgO 

25-30 

1.7 

30%  MgO 

30 

2.5 

PMN-PT  via  Columbite 

10%  MgO  & 

4.7 

0 

0.5  wt%  Cr.Oj 

•> 

10%  MgO  & 

5  6 

n 

0.5wt%  MnO. 

10%  MgO  & 

15 

0 

0.5wt%  Fe.Oj 

compensated  by  the  creation  of  oxygen  vacancies,  i.e..  [A')  =  2[V*).  Similarly, 
donor  dopants  can  be  electronically  compensated  by  the  creation  of  electrons,  i.e., 
n  =  [D®],  or  ionically  compensated  bv  the  creation  of  lead  vacancies,  i.e. 
[D®]  =  2[V;,]. 

IV.  DISCUSSION 

Understanding  the  active  mechanisms  responsible  for  the  observed  aging  effects  is 
clouded  by  a  lack  of  basic  knowledge  concerning  polarization  mechanisms,  na¬ 
nostructure  ,  defect  structure,  conduction,  and  ordering  in  relaxors.  Clearly  we  need 


TABLE  III 


Effect  of  Donor  and  Acceptor  Dopants  on  Aging  Characteristics 


Dopant 

Effea 

Comment 

U^* 

i  i  A.R. 

— 

K'- 

T  T  A.R. 

— 

Na'* 

t  T  A.R. 

— 

Mn 

t  or  i  A.R. 

t  if  added  prior  to 
calcination  of  PMN 

i  if  added  to 
perovskite  PMN 
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a  grasp  on  these  concepts.  Recent  experimental  evidence  supports  the  composi¬ 
tional  heterogeneity  model  of  a  relaxor  ferroelectric  first  proposed  by  Smolenski. 
The  currently  “accepted”  model  suggests: 

•  Ructuations  in  the  cations  on  the  B-site  of  Pb(BiB2)03  relaxor  perov- 
skites  are  necessary  for  the  relaxor  behavior. 

•  The  polar  orientation  of  micropolar  regions  is  dynamically  disordered  at  higher 
temperatures  due  to  thermal  motion. 

The  lai  -r  suggests  the  activation  energy  between  the  energetically  degenerate 
[111]  polar  directions  is  small,  and  on  the  order  of  several  kT  (Figure  7).  It  is  likely 
compositional  fluctuations/gradients  will  give  rise  to  differences  in  local  global 
symmetry,  which  in  turn  will  perturb  the  energy  minima  associated  with  the  po¬ 
larization  direction  (Figure  8).  The  main  consequence  of  such  lowering  is  that, 
statistically  the  polar  vector  will  spend  a  longer  time  along  the  crystallographic 
direction  giving  rise  to  the  deepest  minima. 

Aging  phenomena  becomes  explicable  then  if  the  micropolar  P,  orientation  is 
stabilized  due  to  the  presence  of  a  defect  dipole.  Addressing  several  of  the  signif¬ 
icant  features  of  aging  in  relaxors  listed  earlier: 

•  Polar  microregions  with  the  longer  relaxation  times  will  stabilize  first;  these 
are  not  too  large  to  prevent  reorientation  nor  too  small  to  be  thermally  activated. 

. .  the  lower  frequency  permittivity  will  age  at  a  faster  rate. 

•  Cooling  to  T  <  Tjging  creates  new  unstabilized  micropolar  regions,  recovering 
the  dispersive  component  of  e'  and  e". 

•  Heating  to  T  slightly  >  Tag,„g  does  not  create  new  micropolar  regions,  therefore 
the  dispersive  character  of  e'  and  t"  is  not  recovered. 

We  propose  the  aging  effects  exhibited  by  the  doped  and  nonstoichiometric  PMN 
compositions  can  be  ascribed  to  variations  in  the  oxygen  vacancy.  V*.  and  lead 
vacancy,  V'^  concentrations.  In  the  following  section  we  present  a  possible  defect 
scheme  to  support  this  hypothesis. 


V.  PROPOSED  DEFECT  CHEMISTRY  OF  PMN 

Elucidating  the  identity  and  concentration  of  point  and  electronic  defects  in  PMN 
is  certainly  a  difficult  task.  In  order  to  thermodynamically  define  PMN  (a  quar¬ 
ternary  system)  in  its  environment,  we  need  to  control  not  only  the  temperature 
and  partial  pressure  of  oxygen,  but  also  the  activity  of  lead  (up^)  due  to  its  volatility. 
The  latter  can  be  approached  by  firing  in  closed  crucibles  with  volatile  lead  species, 
but  lacks  precise  determination.  Although  this  limits  obtaining  quantitative  data, 
one  can  make  qualitative  analyses  with  respect  to  effects  of  processing  and  com¬ 
positional  parameters  on  the  relative  concentration  of  defects. 
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Model  for  a  Relaxor  Ferroelectric 


*  VoluiM  •  (2Q0k)\  AG  •  SkT 

*  In  a  pcrfact  singla  crystal  <U1>  directions  art  M^uivalcnt 

*  Energy  minima  #  I.  2,  3  and  4  art  dtganaratt 

FIGURE  7  Schematic  of  the  elastics  Gibbs  free  energy.  AG,  vs.  polarization  for  four  of  the  eight 
equivalent  (lib  directions  in  a  perovskite  ferroelectric  in  the  rhombohedral  phase. 


The  defects  one  can  reasonably  hypothesize  exist  in  doped  PMN  include  lead 
vacancies  (Vp^).  oxygen  vacancies  (V*),  electrons  (n).  and  holes  (p).  and  donors 
(D®).  and  acceptors  (A')  if  doped.  The  existence  of  B-site  vacancies  will  not  be 
addressed  here,  although  B-site  vacancies  have  been  hypothesized  to  form  in  PLZT 


AG 


FIGURE  8  Two  dimentionnl  representation  of  the  perturbation  of  the  Elastic  Gibbs  free  energy  vs. 
polarization  direction  due  to  local  <-»  global  symmetry  differences. 
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to  compensate  high  donor  concentrations.  The  relationship  between  the  relative 
concentration  of  these  defects  is  referred  to  as  the  electrical  neutrality  condition, 
and  is  expressed  by: 

n  +  (A']  +  2[V'pbl  =  p  +  [D»]  +  2[V‘]  (1) 

Several  reactions  are  needed  to  describe  the  defect  chemistry  in  order  that  the 
relative  concentrations  of  the  above  defects  can  be  determined  as  a  function  of 
temperature  and  partial  pressure  oxygen  and  lead.  Direct  thermal  ionization  of 
electrons  across  the  band  gap,  referred  to  as  the  intrinsic  reaction,  is  expressed  as: 

nil  e'  +  /i”  (2) 

K,  =  np  =  A  exp  [-<I>/kT]  (3) 

where  <l>  is  the  band  gap  energy,  and  K,  is  the  equilibrium  mass  action  constant. 
For  a  constant  lead  activity,  the  formation  of  V*  can  be  expressed  as: 

Oi  1/20,  +  V*  +  2e'  (4) 


(5) 

where  PO,  is  the  oxygen  partial  pressure.  If  the  PO2  is  constant,  then  the  fcrmatioii 
of  V*  cap  be  expressed  as: 

Pb(g)  ^  Pb-p,  +  V-  +  2e'  (6) 

where  apt,  is  the  lead  activity. 

For  a  constant  lead  activity,  the  formation  of  Vp^  can  be  expressed  as: 

1/2  O,  ^  OJ  +  +  2/j’  (8) 

=  p‘(V’^,]PO,-‘'2  (9) 

If  the  PO2  is  constant,  then  the  formation  of  Vp^  can  be  expressed  as: 

Pb-Pb  Pb(g)  T  +  (10) 

^Vpb  =  (11) 


apt,  will  be  directly  related  to  the  lead  partial  pressure,  Pp^,  assuming  the  volatile 
species  is  Pb  ions. 

The  relative  concentrations  of  these  defects  will  be  a  function  of  T.  PO,.  and 
Ppb.  although  the  predominate  defect  at  any  specific  T,  PO2,  and  Ppb  is  not  clear. 
Recent  TEM  studies  have  clearly  shown  regions  of  PMN  exhibit  1:1  ordering  of 
the  B-site  cations,  see  Figure  9.  TTie  “sea”  surrounding  these  ordered  regions  must 
necessarily  be  rich  in  Nb.  In  order  to  maintain  charge  neutrality  in  these  regions, 
we  propose  that  the  lattice  must  contain  compensating  charged  point  defects.  Within 
ordered  regions  V*  would  be  the  favored  defect,  while  in  the  “sea"  Vpb  would 
form. 

Regardless,  we  can  use  the  proposed  defect  equilibria  to  analyze  the  effect  of 
nonstoichiometry  and  doping  on  the  point  defect  concentration.  Reiterating,  excess 
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Mierodomains  in  PMN 


O 


FIGURE  9  Schematic  representation  of  the  nanostructure  of  PMN  showing  regions  with  1:1  ordering 
of  the  B-site. 

PbO  additions  cause  aging.  If  one  of  the  major  effects  of  PbO  present  during 
sintering  is  increasing  the  local  apt,,  then  as  described  by  Equations  (7)  and  (II) 
(he  [V^]  would  increase,  and  [V^]  would  decrease.  Acceptor  doping  also  dramat¬ 
ically  increases  the  aging  rate.  As  acceptor  doping  with  Na‘*  and  does  not 
have  an  appreciable  effect  on  the  resistivity,  it  is  reasonable  to  assume  ionic  com¬ 
pensation  occurs,  i.e.  [A']  »  2[V^].  Donor  doping  virtually  eliminates  aging  if 
present.  If  we  assume  ionic  compensation,  as  is  exhibited  by  PLZT,  then  [D°]  = 
2[VI^].  Fixing  the  [VJ^]  at  a  given  PO2  and  Ppt,  suppresses  the  [V^]  at  a  level  lower 
than  if  the  donors  were  not  present. 

Preliminary  studies  comparing  MLC  with  high  Ag:Pd  internal  electrodes  to  disks 
of  the  same  composition  showed  the  MLC’s  always  had  a  lower  aging  rate.  From 
purposeful  additions  of  Ag  salts  we  suspect  that  at  low  temperatures  Ag^*  remains 
in  the  grain  boundary  and  decreases  the  aging  rate.  Increasing  the  sintering  tem¬ 
perature  results  in  interdiffusion  and  incorporation  of  Ag‘^  onto  the  lattice.  This 
increased  the  aging  rate,  which  correlates  well  with  other  results  which  show  the 
ionic  compensation  of  acceptors  by  results  in  aging. 

We  propose  that  changes  in  the  lead  activity  and  dopant  levels  effect  the  equil¬ 
ibration  of  the  charge-compensating  defects  in  the  Nb-rich  “sea”  and  ordered 
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nonsloichiometric  regions,  resulting  in  an  internal  field  within  and  across  these 
regions.  We  believe  it  is  these  local  fields  associated  with  the  defects  which  give 
rise  to  aging  of  the  polar  microregions  in  the  PMN-PT  compositions. 


VI.  SUMMARY 

The  results  of  our  aging  studies  to  date  can  be  summarized  as: 

(1)  Aging  in  PMN-based  relaxor  ferroelectrics  is  strongly  dependent  on  stoichi¬ 
ometry.  Excess  PbO  or  MgO  increases  the  aging  rate. 

(2)  Acceptor  doping  with  Ag‘^.  K‘*.  or  Na**  increases  the  aging  rate. 

(3)  Donor  doping  with  La^*  decreases  the  aging  rate. 

By  assuming  a  simple  model  for  the  defect  chemistry,  these  results  can  be  con¬ 
sistently  explained  by  the  concentration  of  oxygen  and  lead  vacancies. 

Other  effects  observed  (see  Table  II)  but  not  fully  addressed  include  the  effects 
of  CriOs.  MnOi,  and  Fe203  dopants.  We  have  also  found  the  hydrostatic  stresses 
associated  with  encapsulating  a  MLC  increases  the  aging  rate.  We  are  also  currently 
evaluating  the  effects  of  varying  the  PO^  while  maintaining  the  apt>  constant.  Our 
ultimate  goal  is  to  understand  the  aging  phenomena  exhibited  by  rc-laxor  ferro¬ 
electrics.  and  in  this  manner  control  it. 
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Modelling  the  ageing  phenomena  in  0.9PMN-0.1PT  relaxor 
ferroelectric  ceramics 

W.  Y.  PAN,  T.  R.  SHROUT.  L.  E.  CROSS 

MatafMs  Resaareh  Laboratory.  Tha  Pannsylvania  Stata  Univarsity.  Univarsity  Park. 
Pannsyivania  16B02.  USA 


Dielectric  ageing  effects  have  been  well  investigated  in 
normal  ferroelectrics.  The  deterioration  of  various 
properties  with  time  has  been  found  to  be  related  to 
one  common  feature:  the  gradual  stabilization  of  the 
ferroelectric  domain  structure  via  the  fixation  of 
domain  walls.  The  stabilization  of  various  domain 
configurations  is  considered  to  be  due  to  the  presence 
of  defects.  Several  mechanisms  responsible  for  the 
stabilization  of  polar  regions  (domains)  as  a  result  of 
interaction  with  defects  are  summarized  by  Carl  and 
Hardtl  [I]  and  more  recently  by  Schuin  [2].  As 
modelled  by  Plessner  [3],  a  distribution  of  activation 
energies  reflecting  the  random  nature  of  obstacles 
(defects)  to  domain  wall  motion  mathematically 
results  in  the  observed  logarithmic  ageing  behaviour 
found  in  normal  ferroelectrics.  Experimentally  it  has 
been  shown  that  the  logarithmic  deny  in  the  dielectric 
and  piezoelectric  properties  holds  for  many  years. 

Ageing  in  ferroelectrics  infers  that  the  dielectric 
response  includes  intrinsic  as  well  as  extrinsic 
phenomena,  e.g.  domain  wall  motion  with  the  later 
ages  with  time.  Recent  studies  on  isothermal  ageing  in 
PZT  ceramics  doped  with  iron  by  Diederich  and  Arit 
[4]  demonstrate  that  plots  of  dielectric  consunt  (K') 
against  dielectric  loss  (K’).  for  various  frequencies, 
result  in  a  linear  relationship  which  when  extrapolated 
to  a  common  intercept  at  the  K'  axis  yields  the  bulk 
dielectric  constant  value.  Thus  the  intrinsic  dielectric 
properties  could  be  obtained. 

Ageing  effects  in  “non-normal”  ferroelectrics  have 
also  been  observed  in  relaxor  ferroelectrics  including 
PLZT  by  Schulze  ei  al.  [S],  in  the  tungsten  bronze 
Sr,Ba,.,Nb;Ot  (SEN)  by  Borchhart  el  ai.  [6],  and 
perovskite  Pb(Mgi,3Nb,.])0)  (PMN)  dop^  with 
MnO  by  Pan  </  a/.  It  must  be  remembered  that  in 
normal  ferroelectrics  the  phase  aiKl  composition  are 
homogeneous  throughout  the  ceramic  and/or  crysuls, 
whereas  in  relaxor  ferroelearics  these  conditions  no 
longer  exist.  A  relaxor  ferroelectric  may  be  considered 
an  intinute  mixture  of  different  paradectric  and  ferro¬ 
electric  regions  due  to  micro-inhmogeneity  as  a  result 
of  lattice  and/or  cation  disorder.  Different  regions 
thus  have  a  different  degree  of  ferroelectricity  and 
Curie  temperature  depending  on  the  composition  and 
the  size  of  the  chemical  microiegions  [8].  The  overall 
effect  is  a  ferroelactric  with  a  broad  Curie  maximum 
and  associated  frequency  dispersion  in  the  dieiectrk 
properties  [9].  It  may  be  expected,  then,  that  when  a 
relaxor  undmfoes  ageing,  the  behaviour  of  the  ageing 
is  modified  by  the  characteristic  composition  and 
phase  inhomogeneity. 
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Hence,  the  purpose  of  this  paper  was  to  propose 
a  model  to  explain  the  ageing  phenomena  previously 
observed  in  relaxor  ferroelectrics.  in  particular  MnO- 
doped  0.9PMN-0.1PT  ceramics.  The  relaxor  compo¬ 
sition  used  throughout  this  study  was  0. 1  wt  %  MnO- 
doped  0.9PMN-0. 1 PT,  having  been  previously  found 
to  exhibit  significant  ageing.  The  addition  of  0. 1  mol 
of  PbTiO)  was  used  to  shift  the  Curie  maximum  to 
slightly  alx>ve  room  temperature. 

The  ceramic  processing  technique  developed  by 
Swartz  and  Shrout  [10]  was  adopted  for  the  prepara¬ 
tion  of  the  PMN-PT  ceramics.  The  process  basically 
involves  the  pre-reaction  of  MgO  and  Nb-O;  to  form 
the  precursor  MgNb^Ot  prior  to  reaction  with  PbO 
and  TiOj.  This  process  has  been  highly  successful  in 
the  limitation  of  undesirable  phases,  in  particular  the 
PbO-NbjOs  pyrochlore(s).  The  PMN-PT  was  doped 
with  the  addition  of  0. 1  wt  %  MnO  using  a  diluted 
solution  of  MnfNO]):  [7],  Discs  were  prepared  from 
the  calcined  powder  followed  by  sintering.  The  den- 
sified  discs  were  cut  and  ground  and  sputtered  with 
gold  electrodes.  Further  details  of  the  sample  prepara¬ 
tion  have  been  previously  reported  [7]. 

The  dielectric  behaviour  as  a  function  of  time  in  the 
MnO-doped  PMN-PT  ceramics  was  investigated  iso- 
thermally  and  (pseudo-)dynamically  as  well.  Isother¬ 
mal  ageing  studies  involved  monitoring  the  change  in 
dielectric  properties  as  a  function  of  time  at  a  given 
temperature,  whereas  dynamic  ageing  looked  at  the 
influence  of  a  well-aged  sample  on  the  dielectric- 
temperature  behaviour,  particularly  near  the  Curie 
maximum.  Prior  to  dielectric-temperature  runs,  sam¬ 
ples  were  de-aged  by  heating  to  ISO’C  and  held  for 
about  a  half  hour  and  then  brought  down  to  a  fixed 
temperature  to  allow  ageing.  The  “time  equals  zero" 
on  the  measuring  clock  was  given  at  this  point. 
Samples  aged  at  room  temperature  were  placed  in  a 
dessicator  in  an  air-conditioned  laboratory  space  (23 
to  26”  C).  Ageing  at  temperatures  higher  than  room 
temperature  was  carried  out  in  a  Plexol  oil  bath  heated 
by  a  powerstat  with  temperature  fluctuation  ±3‘’C. 
Ageing  at  temperatures  lower  than  room  temperature 
was  carried  out  in  a  commercial  freezer  with  a  measured 
temperature  variation  of  ±  2”C. 

The  relative  permittivity  (dielectric  consunt  K) 
against  temperature  measurement  was  carried  out  in  a 
computer-controlled  environment  chamber  (Delu 
design  Model  2300).  The  dielectric  properties  were 
meuuied  using  a  Hewlett-Packard  LCR  meter 
(Model  4274A)  under  computer  control  covering  a 
frequency  range  from  100  Hz  to  100  kHz.  The  field 
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Figim  I  (a)  Dielectric  constant  and  (b)  losi  afiiaM  temperature  forO.I  wt*'>  MnO-<loped0  9PMN-0.IPT  ceramic  samples  after  ageing  for 
1000  h  at  room  temperature.  Solid  cunni  are  for  heating  run  and  dotted  curves  are  for  cooling  run. 


Strength  of  the  measuring  field  was  less  than  10  V 
cm ' ' .  low  enough  not  to  cause  de^ageing  effects.  The 
temperature  was  determined  with  a  Fluke  8S20A 
digital  multimeter  via  a  platinum  resistance  ther¬ 
mometer  mounted  directly  on  the  ground  electrode 
of  the  sample  fixture.  A  Model  HP  98SA  desk-top 
computer  was  used  for  on-line  control  of  the  measure¬ 
ments  through  an  HP  6904B  multi-programmer  inter¬ 
face.  The  samples  were  put  into  the  chamber  at  a 
temperature  far  below  the  ageing  temperature  to 
avoid  de-ageing  before  the  measurement.  The  tem¬ 
perature  was  then  lowered  to  -  70*C  and  the  dielec¬ 
tric  properties  were  measured  using  a  heating  rate  of 
4°  C  min ' ' .  For  de-ageing  study  the  sample  was  kept 
at  IfO'C  for  half  an  hour,  then  the  temperature  was 
cooled  down  at  the  same  rate  and  the  dielectric 
properties  were  measured. 

Isothermal  ageing  studies  were  carried  out  in  an 
insulating  chamber  comprised  of  Styrofoam.  A  multi¬ 
sample  holder  was  used  so  as  to  be  able  to  monitor  the 
dielectric  propenies  of  many  samptes  simuluneously. 
A  constant  temperature  was  achieved  by  the  circula¬ 
tion  of  controlled  temperature  water  through  copper 
tubing.  Above  room  temperature,  the  temperature  of 
the  water  was  maintained  by  a  temperature-controlled 
water  bath.  The  temperature  was  controlled  to  within 
±0.l*C  for  a  period  of  lOOOmin.  Below  22* C,  con¬ 
trol  was  made  by  using  a  mixture  of  hot  and  cold 
water  and  was  better  than  ±0.3*C  for  a  period  of 
lOOOmin.  Dieiectric  propertia  were  again  measured 
using  a  Hewlett-Pacicard  Packard  LCR  meter  (Model 
4272A).  Both  the  real  iC'  and  imaginary  part  (iCl  of 
the  dielectric  constant  were  determined.  K"  was  cal¬ 
culated  using  the  expression  IT  >  /C'  tan  d  where 
tan  d  is  the  dielectiic  lost.  The  dau  were  taken  about 
20  tima  per  decade  of  time  to  ensure  a  uniform  distri¬ 
bution  of  the  datt  pointt  in  dielectiic  constant  against 
log(time)  curvet.  Tbs  r.m.t.  amplitude  of  the  measur¬ 
ing  field  was  again  under  tOVem'*  and  the  frequen¬ 
cies  were  from  I  to  100  kHz. 

Fig.  I  shows  the  dielectiic  constant  (Fig.  la)  and 
lost  (Fig.  lb)  at  vaiiout  frequencies  (0.1,  1,  10.  and 
lOOkHz)  agiuntt  tenqieintuie  for  0.1  wt%  MnO- 
doped  0.9PMN-4).IPT  eenunkt.  The  solid  curves 
represent  the  dMactrie  dau  for  a  sample  agtd  at  room 


temperature  for  1000  h  and  then  measured  upon  heat¬ 
ing.  The  dashed  curves  represent  the  data  for  samples 
thermally  de-aged  at  IS0*C  and  then  measuring 
during  cooling.  Several  interesting  features  are 
apparent  in  the  figures,  including  saddle-shaped 
depressions  in  the  dielectric  constant  and  loss  at  the 
temperature  of  ageing  and  the  reduction  of  frequency 
dispersion,  with  the  latter  being  recovered  at  a  point 
below  the  ageing  temperature. 

The  characteristic  "saddle"  in  the  dielectric  tem¬ 
perature  curves  reflects  the  reduction  of  the  dielectnc 
constant  and  corresponding  loss  as  a  result  of  ageing. 
The  position  of  the  saddle  point  was  found  to  occur  at 
the  temperature  at  which  ageing  took  place,  as  seen  in 
Fig.  2  showing  dielectric  against  temperature  curves 
for  samples  aged  at  40*  C.  room  temperature  (R.T.) 
and  -I5*C.  Though  the  point  at  which  the  saddle 
occurs  is  dependent  on  the  temperature  at  which  age¬ 
ing  took  place,  the  depth  and  overall  shape  of  the 
saddle  are  not.  As  observed,  the  saddles  for  the  40°  C 
and  R.T.  dielectric  ageing  curves  were  much  sharper 
and  deeper  than  that  for  the  -  IS°C  curve. 

In  order  to  explain  both  the  depth  and  shape  of  the 


TEMPERATURE  (°C) 

flfwrt  2  Eflfct  of  ifiini  umperaiurt  or  100  Hz  dielectric  constant 
against  temperaitite  in  O.lwtVt  MnO.d0(ied  0.9PMN-O.IPT 
ceramic  sampici.  Solid  curvet  are  Tor  agm  samples:  curve  A  is  Tor 
the  sample  aged  70h  at  40*C.  curve  B  is  Tor  the  sample  aged  lOh 
at  room  lemptralure  and  curve  C  it  for  the  sample  aged  lOOh  at 
-  I5*C:  dashed  curvet  art  Tor  freshly  de-agm  tampitt. 
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Fi/turt  J  (al  Schematic  diagram  of  Curw  tempenttuc  agauui  ooe-dtmensional  disunce  for  a  relaaor.  ibl  Scheme  of  dielecinc  consianu 
against  temperatiue  for  ( - 1  individual  homogeneous  regions  in  a  reiaxor  ferroelectnc  and  ( - )  the  relaxor  system  as  a  whole. 


saddle  point  occurring  at  the  ageing  temperatures, 
clearly  we  must  first  postulate  a  model  to  explain  the 
dielectric  constant  against  temperature  behaviour  for 
a  ferroelectric  relaxor  system  and  its  overall  relation¬ 
ship  to  the  individual  micro-regions.  In  a  relaxor 
ferroelectric,  the  size  of  the  polar  regions  is  much 
smaller  than  the  domain  size  in  a  normal  ferroelectric. 
Thus  the  energy  required  for  the  reorientation  of  the 
spontaneous  polarization  vectors  is  comparable  to  the 
thermal  energy.  Therefore,  the  reorientation  of  the 
spontaneous  polarization  vectors  under  a  weak  field 
contributes  to  a  major  part  of  the  weak-held  permit¬ 
tivity.  The  observed  permittivity-temperature  res¬ 
ponse  through  the  radio  frequency  range  is  a  result  of 
a  statistical  spread  of  Curie  temperatures  and  a  statis¬ 
tical  distribution  of  “flipping”  frequencies.  Recently,  a 
phenomenological  model  combining  these  two  contri¬ 
butions  has  been  attempted  by  Yokosuka  and  Maru- 
take  [1 1).  However,  this  model  is  still  incomplete  as  the 
observed  dielectric  behaviour  should  also  depend  on 
the  kinetics  and  interaction  between  neighbouring 
polar  microregions  which  weights  any  statistical  dis¬ 
tribution.  Nevertheless,  with  a  qualitative  understand¬ 
ing  of  the  superparaelectric  behaviour,  the  observed 
ageing  behaviour  can  be  explained. 

According  to  this  model,  various  physical  constants 
vary  continuously  from  place  to  place  due  to  the 
compositional  inhomogeneity.  The  crystal  can  be 
divided  into  small  regions  and  within  each  one.  the 
physical  constants  are  assumed  to  be  uniform.  Fig.  3 
shows  a  scheme  for  the  weak-field  dielectric  consunt- 
temperature  response  and  its  relation  to  those  of  the 
individual  regions.  As  depicted,  each  region  has  its 
own  dielectric  peak  situated  at  a  different  temperature 
as  a  result  of  micro-chemical  inhomogeneity  associ¬ 
ated  with  relaxor  ferroelectrics.  It  must  be  mentioned 
that  the  dielectric  maximum  temperature  for  a  region 
should  be  lower  than  the  Curie  temperature  of  the 
region,  and  the  peak  must  be  much  broader  than  the 
intrinsic  dielectric  peak  due  to  the  “flipping"  con¬ 
tribution  of  the  spontaneous  polarization  vectors.  The 
overall  dielectric  maximum  of  the  relaxor  ferroelectric 
thus  situates  at  the  temperature  where  the  small  peaks 
are  the  most  densely  populated,  which  infers  sutistk- 
ally  that  most  of  the  regions  transform  into  ferro¬ 
electrics  at  the  dielectric  maximum  temperature  upon 
cooling. 


Fig.  3a  is  a  schematic  diagram  showing  the  Curie 
temperature  against  one-dimensional  distance  for  the 
relaxor.  When  ageing  is  earned  out  at  a  temperature 
marked  by  the  ferroelectric  region  indicated  by 
“Aged  Non-Dispersive"  undergoes  ageing.  After  age¬ 
ing.  when  the  temperature  decreases  below  the 
region  is  aged  and  non-dispersive.  while  the  region 
indicated  by  “Unaged  Dispersive"  is  a  fresh  ferro¬ 
electric  region  which  is  unaged  and  dispersive.  It  is 
these  “unaged“,  “dispersive",  and  “fresh"  ferroelec¬ 
tric  regions  which  raise  the  dielectric  constant  and 
dispersion  below  the  ageing  temperature.  If  the  small 
dielectric  peaks  shown  in  Fig.  3b  are  sharp,  it  is  not 
difficult  to  visualize  the  quick  recovery  of  the  dielectric 
constant  below  the  ageing  temperature  and  then  the 
dielectric  constant,  as  well  as  the  dispersion,  recovers 
as  was  shown  in  Fig.  la.  Apparently,  how  soon  the 
dielectric  behaviour  shown  recovers  below  the  ageing 
temperature  depends  on  how  much  paraelectric 
ferroelectric  phase  conversion  takes  place  upon  cool¬ 
ing  past  the  ageing  temperature.  Naturally,  since  most 
of  the  regions  transform  into  ferroelectrics  near  the 
temperature  of  the  dielectric  maximum,  the  recovery 
of  the  dielectric  constant  is  very  fast  and  the  saddle 
points  are  sharp  (deep)  for  ageing  at  40”  C  and  at 
room  temperature  as  shown  in  Fig.  2.  At  -  IS'C, 
most  of  the  assemblage  has  transformed  into  ferro¬ 
electrics,  and  therefore  little  phase  transformation 
takes  place  below  this  temperature  and  thus  the  saddle 
point  is  not  sharp. 


Figurt4  OictKitK  contuai  for  uadopsd 

0.9PMN-0.IPT  cmmiG  samplM  al  37*C:  (•)  I  kHi.  (□)  lOkHz. 
(■I  lOOkHz. 
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Fiturf  f  Dielectric  constant  against  logtiimel  for  undoped 
iVJPMN-O  IPT  ceramic  samples  at  13’C  (v|  I  kHz.  (ol  lOkHz. 
!□)  lOOkHz 

For  isothermal  ageing,  the  dielectric  constant 
against  log(time)  for  doped  PMN-PT  aged  at  37*0  is 
shown  in  Fig.  4.  The  anticipated  log-linear  relation¬ 
ship.  which  holds  for  several  years  in  normal  ferro- 
electrics.  was  not  found.  As  shown,  in  the  early  stages, 
ageing  took  place  at  a  relatively  fast  rate  ( ^  10%  per 
decade)  before  levelling  out  just  beyond  1000  min 
( ^  3%  per  decade)  to  what  appears  to  be  a  linear 
region.  Since  most  ageing  experiments  use  time 
periods  ranging  between  10  and  100  h.  in  order  to 
avoid  problems  in  short-term  thermal  equilibrium  and 
associated  "zero-point  determination."  much  of  the 
vital  ageing  information  in  relaxors  has  been  over¬ 
looked.  To  explain  both  the  level  of  ageing  as  well  as 
the  non-linear  behaviour,  one  must  again  propose  a 
model  explaining  the  dielectric  behaviour  and  its 
overall  relationship  to  the  micro-regions.  , 

For  normal  ferroelectrics.  as  the  unit  cell  distortion 
becomes  less,  the  ageing  rate  increases  because  less 
strain  is  involved  in  domain  wall  movement  (10).  For 
relaxor  ferroelectrics.  however,  the  fact  that  the  polar 
vectors  are  easily  moved  flipped  by  room-temperature 
thermal  energy  indicates  little  lattice  distortion,  yet  for 
undoped  or  stoichiometric  PMN-PT  relaxors.  little 
ageing  is  observed.  The  role  in  which  the  manganese 
addition  results  in  ageing  is  probably  related  to  an 
internal  bias,  as  shown  in  "hard  PZT  ceramics."  yet  as 
demonstrated  by  Yao  ee  a/.  [13]  above  certain  tem- 


Figurr  6  1000 Hz  dMzctnc  comuni  (nomulizid  to  ihc  iniiial  dc- 
■flid  vahmi  apian  loftlinit)  for  0. 1  wi  %  MnO-dopad  0.9PMN- 
O.IPT  earaink:  laaiplai  at  dilbnai  tanptrauint:  i#i  IS*C.  (a) 
:6*c,  (V)  jrc.  (□)  46*c 


peratures.  even  a  large  electric  d.c.  bias  (up  lo  about 
several  kV  cm  '  i  cannot  stabilize  the  thermally  fluc¬ 
tuating  polarization  vectors.  Therefore,  we  may  assume 
that  as  the  dynamic  nature  of  the  fluctuating  polar 
1^.)  vectors  increases,  the  interaction  with  the  defects 
becomes  less  efficient  and  thus  ageing  becomes  slower. 
From  here  on,  we  will  refer  to  the  regions  with  rela¬ 
tively  stable  P,  vectors  as  the  fast  ageing  regions  and 
the  regions  with  flipping  dynamic  P,  vectors  as  the 
slow  ageing  regions.  If  the  fast-ageing  ferroelectric 
regions  age  preferentially,  leaving  the  paraelectric  and 
slow-ageing  ferroelectric  regions  behind,  the  ageing 
rate  will  decrease  and  level  out  with  time  as  observed 
in  Fig.  4.  At  a  temperature  highly  populated  with 
ferroelectric  regions  with  relatively  stable  P,  vectors, 
the  levelling-off  effect  caused  by  the  paraelectnc  and 
slow-ageing  ferroelectric  regions  would  thus  take  a 
longer  time  to  be  observed.  As  shown  in  Fig.  S.  the 
"levelling-off"  effect  for  ageing  at  IS’C  is  not 
obviously  visible  within  1(3*  min.  In  addition,  a  more 
pronounced  dependence  of  ageing  on  frequency  was 
observed.  This  was  expected,  being  located  in  the 
more  dispersive  component  region  of  the  Cune 
transition. 

The  effect  of  temperature  on  the  ageing  behaviour  is 
further  illustrated  in  Fig.  6.  For  the  sake  of  com¬ 
parison.  the  curves  have  been  normalized  to  that  of 
their  respective  values  of  the  de-aged  state  (value  at 
"zero  time"  or  close  proximity).  For  higher  ageing 
lemperaturM.  the  normalized  values  of  the  dielectric 
constants  were  found  to  be  lower  initially,  approach¬ 
ing  the  values  for  lower  ageing  temperatures  at  about 
I0‘  min.  The  lower  initial  values  are  caused  by  the  fast 
ageing  under  higher  temperature,  since  ageing  is  a 
thermally  activated  process.  Apparently,  there  are 
fewer  ferroelectric  polar  regions  available  to  maintain 
the  initial  ageing  rate  under  higher  temperatures  thhn 
under  lower  temperatures.  When  the  ageing  time  is 
extended  to  lO^rnin.  the  amount  of  the  remaining 
unaged  ferroelectric  polar  regions  is  not  enough  to 
maintain  the  earlier  ageing  rate  and  consequently  a 
•■levelling-off”  effect  occurs  faster  earlier. 


Finun  7  K'  apinsi  K'  ploii  of  uolhermil  aping  for  n  I  wi  "a 
MnO-doptd  0.9PMN-O.IPT  cwimic  sampitt  ai  J7*C  (Qi  I  kHz. 
(al  lOkHz.  |V)  tOOkHz. 
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1.0 


Fifurr  li  Dwkcinc  dispersion  curves  for  two  micropolar  regions  in 
s  relaxor  ferroelectnc  with  diAereni  cut-oA  frequencies:  (a)  before 
ageing  and  (bl  after  ageing. 


Complex  ageing  curves  of  K'  against  K'  at  different 
frequencies  for  PMN-PT  aged  at  37* C  are  shown  in 
Fig.  7.  As  shown,  these  curves  are  obviously  not 
straight  lines  as  found  for  normal  ferroelectrics. 
Further,  it  is  not  possible  to  extrapolate  these  curves 
to  the  K'  axis  to  obtain  the  bulk  value  of  the  real  part 
of  the  dielectric  constant.  This  is  to  be  expected  since 
a  major  contribution  to  the  weak>field  permittivity  of 
a  relaxor  ferroelectric  comes  from  the  extrinsic  P, 
vector  reorientation  under  the  measuring  £-field. 
Another  feature  to  note  is  that  the  curves  keep  bend¬ 
ing  downward  as  ageing  continues.  This  implies  that 
as  the  ageing  increases,  the  ageing  rate  of  the  real 
part  {K')  increases  relative  to  the  imaginary  part  of 
the  dielectnc  consunt  (K').  To  understand  this 
phenomenon  clearly,  a  "distribution"  of  relaxation 
time  constants  for  the  polar  vector  reorientation  in 
different  polar  regions  needs  to  be  considered  as  done 
for  the  dielectric  consunt  in  Fig.  3.  Given  that  regions 
of  relatively  suble  F,  vectors  possess  longer  relaxation 
times  than  these  of  regions  of  dynamically  Ripping 
polarization  vectors,  the  "cut-off  frequency,"  as 
defined  in  Fig.  8.  for  various  regions  is  distributed 
over  a  wide  range  accordingly.  For  simplicity.  Fig.  8a 
shows  dispersion  curves  for  only  two  regions  with 
different  corresponding  cut-off  frequencies.  Naturally, 
the  dielectric  dispersion  curve  for  the  whole  system  is 
a  weighted  average  of  those  for  all  individual  regions. 
If  the  ageing  of  a  single  region  is  a  pure  "timing" 
process,  i.e.  the  cut-off  frequency  for  the  region  moves 
continuously  lower,  then  after  a  sufficiently  long  time 
the  cut-off  frequencies  for  both  regions  may  have 
moved  below  the  frequency  of  the  measuring  field. 
Dispersion  curves  for  the  two  regions  for  an  aged 
umple  are  depicted  in  Fig.  8b,  where  it  may  be  seen 
that  the  longer  relaxation  time-consunt  region  shows 
more  reduction  in  lou  ungent  after  ageing  than  the 
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Fifurt  9  K'  against  K'  plots  ot  isothermal  ageing  of  1000  Hz  dielec¬ 
tric  constant  Inormalized  to  the  initial  values)  at  diAerent  tempera¬ 
tures  for  0.1  wt*'»  .MnO-doped  0  9PMN-0.  IPT  ceramic  samples 
(V)’6*C.  (a)  JTC.  laidA'C 

shorter  relaxation  time-constant  region.  Over  a  rela¬ 
tively  long  ageing  period,  after  the  long  relaxation 
time-cot, junt  components  have  aged  out.  the  dielec¬ 
tric  response  is  taken  over  by  the  short  relaxation 
time-consunt  regions  and  the  reduction  in  loss  tan¬ 
gent  is  less  with  time.  As  a  result,  the  curves  keep 
bending  downward  with  time  as  shown  in  Fig.  7. 

The  observed  "bending"  effect  also  depends  on  the 
temperature  at  which  ageing  takes  place.  The  nor¬ 
malized  real  dielectric  constant  K'  against  imaginary 
dielectric  consunt  K"  is  shown  in  Fig.  9.  Clearly,  the 
curves  for  higher  ageing  temperatures  are  always 
below  those  for  lower  ageing  temperatures.  This  sug¬ 
gests  that  for  the  same  ageing  time,  high-temperature 
ageing  eliminates  a  greater  fraction  of  the  real  dielec¬ 
tric  constant  than  low-temperature  ageing  for  the 
same  fraction  of  the  imaginary  dielectric  constant 
eliminated.  Apparently,  as  temperature  increases,  the 
polar  vectors  become  more  dynamic  and  the  relaxa¬ 
tion  time  constants  for  the  polanzabilities  of  these 
vectors  become  less  and  less.  As  demonstrated  in  Fig. 
8.  the  subilization  of  these  vectors  involves  more 
reduction  in  the  real  dielectric  consunt  and  less  reduc¬ 
tion  in  the  imaginary  dielectric  consunt;  this  is  the 
reason  why  the  curves  for  higher  ageing  temperatures 
are  always  under  those  for  lower  ageing  temperatures. 

To  summarize,  the  dielectric  ageing  effects  in  MnO- 
doped  0.9PMN-O.IPT  relaxor  ferroelectrics  were 
found  to  be  correlated  with  the  micro-compositional 
inhomogeneity  nature  of  the  relaxor  ferroelectric.  The 
recovery  of  the  magnitude  and  dispersive  component 
of  the  weak-field  permittivity  below  the  ageing  tem¬ 
perature  was  correlated  with  the  diffused  phase  tran¬ 
sition  of  the  relaxor.  The  paraelectric  matrix  at  the 
ageing  temperature  is  being  transformed  into  ferro¬ 
electric  polar  regions  which  reorient  under  the  weak 
field,  re-esublishing  the  magnitude  and  dispersive 
component  of  the  permittivity. 

Tliw  observed  non-linear  behaviour  of  dielectric 
consunt  against  logftime)  at  a  consunt  temperature 
was  also  a  manifestation  of  the  micro-compositional 
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inhomogeneity.  Ac  u  constant  temp>eracure.  regions 
with  different  relaxation  time  constants  and  ageing 
rates  coexist.  Larger  relaxation  time-constant  com¬ 
ponents  (fast  ageing  components)  age  first,  leaving  the 
small  relaxation  time-constant  components  (slow  age¬ 
ing  components)  behind.  This  "distribution  change" 
thus  gave  rise  to  the  "levelling-out"  of  the  dielectric 
constant  against  logfcime)  curves. 

The  non-linear  K’  against  K~  plots  of  isothermal 
ageing  correlated  with  the  associated  dispersive 
behaviour  of  the  different  regions  with  long  and  short 
relaxation  time  constants.  Long  relaxation  time- 
constant  components  were  accompanied  by  larger  loss 
tangents  than  short  relaxation  time-constant  com¬ 
ponents.  Larger  relaxation  time-constant  components 
age  preferentially,  giving  rise  to  a  large  initial  race  of 
decrease  in  K".  As  the  "distribution"  changes,  the 
shorter  relaxation  time-constant  components  domi¬ 
nate  the  later  pan  of  the  ageing,  giving  rise  to  the 
reduced  rate  of  K‘.  The  K'  against  K'  plots  are 
therefore  not  straight  lines. 
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APPENDIX  17 


EFFECTS  OF  THE  LAPPED  SURFACE  LAYER  AND  SURFACE 
STRESS  ON  THE  DIELECTRIC  PROPERTIES  OF  PLZT  CERAMICS 

Q.Y. Jiang,  S.B.Krupanidhi,  and  L.E.Cross 
Materials  Research  Laboratoty 
The  Pennsylvania  State  University 
University  Park,  PA.  16802 

ABSTRACT 

The  effects  of  surface  layer  and  surface  stress  on  the  dielectric  properties  of  PLZT  ferroelectric 
ceramics  were  studied.  The  specimens  with  surfaces  prepared  by  grinding  and  polishing  showed 
anomalous  dielectric  properties,  i.e.  smaller  dielectric  constant,  lower  dielectric  loss  below  Curie 
temperature  and  smaller  polarization  than  those  of  the  specimens  whose  lapped  surface  layers 
were  removed  by  chemical  etching.  After  annealing  at  650  °C  for  Ihr,  the  dielectric  properties 
showed  improved  values;  the  behavior  may  be  attributed  to  the  existence  of  surface  layers 
produced  during  grinding  and  polishing  which  seem  to  be  nonferroelectric  in  nature  while  under 
2-D  tensile  stress,  and  having  large  capacitance  of  the  order  of  0.1 — 1.0  pF/cm^. 

1.  INTRODUCTION 

The  surface  layers  of  fenoelectrics  have  been  widely  studied  by  many  investigators,^^'^^  in 
early  1960's.  Most  experimental  studies  on  surface  layers  of  fenoelectrics  have  been  performed 
on  single  crystals  of  Ba'n03^^^  TCS^^^  and  Pb5Ge30}  with  very  few  studies  being  related  to 
the  ferroelectric  ceramics.  Jyomura  et  aL^  invesrigated  the  effects  oi  surface  layer  on  barium  and 
strontium  doped  PZT  ceramics  and  concluded  that  the  lapped  surface  layer  was  a  0. 1 — 2  ^m  thick 
nonferroelectric  layer  with  2-D  stress  of  5 — 15  kbars.  But  their  experiments  were  confined  only 
to  unannealed  specimens.  If  the  two  dimensional  tensile  stress  generated  during  lapping  does 
influence  the  dielectric  pr(q)erties,  annealing  could  greatly  reduce  such  surface  stress,  with  a 
possible  improvement  in  the  dielectric  properties.  In  this  paper,  the  effects  of  the  lapped  surface 
layer  on  dielectric  properties  are  studied  on  both  unannealed  and  annealed  PLZT  ceramic 
specimens,  and  the  possible  mechanisms  of  the  surface  layer  discussed. 

n.  EXPERIMENTS 


The  material  used  was  hot  pressed  lanthanum  doped  PZT  with  the  composition  of  7/68/32 


[Pby,  93  Lao.o7)(Zra68'rH)J2^.9«25  03]-The  samples  were  subjected  to  different  surface  preparations: 
(a)  After  slicing,  the  specimen  were  annealed  at  650  °C  for  Ihr,  then  ground  to  the  desired 
thickness  of  about  200  nm,  some  of  the  ground  samples  were  further  polished  or  chemically 
etched,  (b)  After  slicing,  the  specimens  were  ground  to  about  200  ^m  thick;  some  of  them  were 
further  polished  or  chemically  etched,  then  the  ground  and  polished  samples  were  annealed  at 
650  °C  for  Ihr.  Electrodes  were  either  sputtered  gold  or  evaporated  gold  for  different 
measurements. 

The  temperature  dependence  of  dielectric  constant  and  dielectric  loss  were  measured  by 
Hewlett  Packard  LRC  meter  (model  4274A).  The  pyroelectric  currents  were  measured  with  the 
HP  4140B  picoampere  meter.  Temperature  was  measured  with  a  Fluke  8502A  digital  multimeter. 
Ferroelectric  hysteresis  loops  were  measured  by  using  a  modified  Sawyer-Tower  circuit  at  room 
temperature. 

m.  RESULTS  AND  DISCUSSION 
A.  Lapped  Surface  Layer 

Temperature  dependences  of  dielectric  constant  (K)  and  loss  tangent  (tan  S )  at  1  kHz  with 
ground,  polished  and  chemically  etched  surfaces  are  given  in  Fig.l;  and  similar  results  were 
obtained  at  the  other  two  fieqencies  of  10  kHz  and  1(X)  kHz.  There  are  differences  in  the  behavior 
of  the  dielectric  constant  with  temperature  near  the  Curie  temperature  (T^.).  The  specimen  with 
ground  surface  which  is  the  roughest  had  the  lowest  K,  the  one  with  etched  surface  had  the 
largest  K  and  the  one  with  polished  surface  had  a  K  value  between  the  two.  It  may  also  be  noted 
that  loss  tangent  below  Tc  is  different  for  different  surfaces.  Etched  surface  had  the  highest  value 
of  tan  5,  the  ground  surface  had  the  lowest  value  of  tan  5,  and  the  polished  surface  had  an 
intermediate  value. 

These  anomalies  in  dielectric  properties  are  caused  by  ground  and  polished  layen  on  the 
surfaces  of  ceramic  bodies.  If  we  consider  the  homogeneous  surface  layer  on  the  two  faces  of  the 
specimen  in  contact  with  the  electrode  and  assume  the  resistance  of  the  sample  and  of  the  surface 
to  be  very  large,  then  the  lapped  surface  layers  could  be  thought  of  as  capacitors  connected  in 
series  with  die  bulk;  the  total  measured  capacitance,  C^,  can  be  represented  by: 

l/Cr-l/CB  +  2A:s  (1) 

where  Cg,  are  bulk  capacitance  and  surface  layer  capacitance  respectively. 

If  we  take  the  capacitance  measured  bom  ground  sample  as  Cj.,  the  one  measured  from 
etched  sample  as  Cg,  the  calculated  from  eqn.  (1)  is  0.2  to  1  iiF/cm^  in  the  temperature 
range  of -40  °C  to  160  °C,  it  only  increases  slightly  with  increase  in  teixq)erature  with  no  T^^ 


peaks,  and  hence  lapped  surface  layer  is  non  ferroelectric.  In  Fig.  1,  at  low  temperature,  the  K 
value  for  the  3  surfaces  axe  very  close,  Cg  is  very  small  compared  to  at  low  temperature. 
From  etpi.  (1),  it  may  be  seen  that  Cp  «  €3^  and  the  lapped  surface  layers  do  not  influence  Cj-  to 
a  notable  scale.  But  near  ,  C3  becomes  much  larger,  comparable  to  the  value  of  €$.  Therefore, 
the  measured  Cj-  deviates  from  C3,  Cp  being  lower  duui  C3. 

It  is  well  known  that  high  dielectric  loss  below  in  ferroelectrics  is  generally  due  to  the 
hysteredc  ferroelectric  domains.  Since  the  lapped  surface  layers  are  non  ferroelectric,  they  have 
lower  loss  than  the  bulk.  The  total  measured  loss  (tan  5  >|.  can  be  represented  by: 

(tan  5  >1.  -  (tan  5  >3  » (tan  8  )5-  (tan  8  )3/(l+C5/2C^)  (2) 

where  (tan  8  >3,  (tan  8  >3  are  loss  tangents  of  the  bulk  and  the  surface  layer,  respectively. 

Below  T(;,  (tan  8  is  smaller  than  (tan  8  >3,  [(tan  8  >3  -  (tan  8  >3]  is  negative,  and  so  is 
[(tan  8  >p  -  (tan  8  >3].  Therefore,  (tan  8  is  smaller  than  (tan  8  >3,  as  can  be  seen  from  Fig.  1. 
tan  8  of  the  etched  sample  is  higher  than  those  of  the  lapped  ones.  The  hysteresis  loops  for  lapped 
and  etched  samples  at  0. 1  Hz  are  shown  in  Fig.  2.  The  loop  of  the  etched  sanq>le  is  squaxer  than 
those  of  the  lapped  samples,and  the  remnant  polaxization  is  higher  for  the  etched  specimen.  From 
experiments,  it  is  known  that  die  lapped  surface  layers  which  may  be  considered  amorphous  and 
mechaiucally  disturbed,  influence  the  dielectric  properties  but  the  surface  tensile  stress  induced  by 
polishing  and  grinding  may  also  be  responsible  for  the  anomalies  of  the  dielectric  properties, 
which  will  be  discussed  in  sec.  m  (B). 

B.  Two-Dimensional  Tensile  Stress  on  Lapped  Surfaces. 

In  section  m  (A),  the  measurements  were  <kme  on  specimens  which  were  ground  and 
polished  after  aimealing.  In  order  to  get  a  better  understanding  of  the  surface  layers,  the  dielectric 
measurements  were  carried  out  on  specimens  which  were  annealed  afrer  grinding  and  polishing. 
Fig.  3  shows  the  temperature  dependence  of  dielectric  constant  and  loss  tan  8  for  the  two  thermal 
treatments.  In  Fig.  3(a)  and  Hg.  3(b),  near  T(<,  the  dielectric  constant  of  the  specimens  annealed 
after  lapping  are  hi^er  than  those  of  the  specimens  annealed  before  lapping.  The  loss  tan  8 
below  T^  also  behaves  similariy.  In  Fig.  3(c),  the  etched  samples  were  made  by  chemically 
etching  specimens  that  were  polished  afrer  annealing  and  by  chemically  etching  specimens  that 
were  polished  before  annealing.  They  showed  an  almost  identical  behavior  which  means  that  the 
bulk  properties  are  same  under  the  two  thermal  treatments.  The  different  K  and  tan  8  of  the  two 
thermally  treated  laiq)ed  samples  may  be  attributed  to  the  nanire  of  surface  layers. 

There  are  two  possibilities  diat  may  be  responsible  for  this  anomalous  dielectric  behavior 
caused  by  the  two  thermal  treatments.  One  is  that  anmaling  afrer  lapping  may  change  surface 


composition,  surface  structure  or  domain  structure;  the  other  is  that  two-dimensional  tensile 
stresses  may  exist  on  the  surfaces.  In  the  first,  since  the  annealing  temperature  is  low  (650  ^C). 
such  changes  are  unlikely  to  happen;  to  examine  this,  measurements  were  performed  on 
specimens  which  were  annealed  after  etching.  The  results,  shown  in  Fig.  4,  indicate  no  change 
after  annealing.  So  it  is  the  surface  stress  that  is  responsible  for  the  anomalous  behavior  which  is 
in  good  agreement  with  the  studies  of  Jyomura  et  al.  who  found  that  the  surface  stress 
generated  during  U^>ping  was  about  5  to  IS  kbars. 

The  tensile  stresses  on  lapped  surface  are  sensitive  to  the  thermal  treatment  Aiuiealing  could 
reduce  these  stresses  and  improve  the  dielectric  properties  as  seen  in  Fig.3.  It  was  found  that  the 
electrode  sputtering  process  could  also  be  considered  as  aldnd  of  thennal  treaunent  During  the 
sputtering  process,  due  to  the  high  energetic  bombardment  of  the  surface  of  the  sample,  the 
surface  tenqteranire  could  be  nther  high  during  a  short  time,  and  the  surface  stresses  could  be 
partially  reduced  by  sputtering.  However  in  the  process  of  evaporating  the  electrode,  such  high 
energetic  bombardment  is  absent  The  tensile  stress  on  the  surface  with  evaporated  gold  was 
expected  to  be  higher  than  those  on  the  surface  with  sputtered  gold. 

The  dielectric  measurements  were  performed  on  the  specimens  with  evaporated  gold 
electrodes.  Ftg.  5  shows  the  result  of  the  dielectric  constant  and  tan  5  versus  temperature  for 
samples  annealed  both  before  polishing  and  annealed  after  polishing.  Comparing  Fig.5.  with  Fig. 
3(b),  one  can  clearly  nodce  that  the  deviations  of  K  and  tan  5  between  the  specimens  annealed 
brfore  polishing  and  the  ones  annealed  after  polishing  in  Fig.5.  are  more  profound  than  those  in 
Fig.  3(b),  as  was  expected.The  hysteresis  loops  in  Fig.  6.  were  measured  at  room  temperature  at 
0. 1  Hz;  the  remanent  polarization  is  larger  for  samples  annealed  after  polishing.  The  temperature 
dependence  of  spontaneous  polarization  and  pyroelectric  coefficient  were  also  measured,  which 
are  not  show  here.  The  spontaneous  polarization  and  pyroelectric  coefficient  was  larger  in  the 
case  of  sanq)les  annealed  after  polishing.  The  surface  stresses  could  decrease  the  remanent  and 
spontaneous  polarization  and  the  pyroelectric  coefficientThese  results  suggest  that  the  lapped 
surface  layer  with  tensile  stresses  consideraUy  alters  the  dielectric  properties.  It  is  necessary  to 
anneal  the  specimens  after  harping  in  order  to  get  adequate  properties,  especially  when  the 
samples  are  diin.  The  properties  of  die  bulk  could  be  measured  by  chemical  etching  since  it 
relieves  the  surface  stress  and  eliminates  the  arxxirphous  lapped  layer. 

IV.  CONCLUSIONS: 

Surface  layers  on  PL2J  ceramics,  produced  by  grinding  and  polishing  seem  to  be  non 
ferroelectric  and  have  apparent  capacitance  to  be  of  the  order  of  0. 1  to  1  ^F/cm^.The  surface 


capacitance  lowers  the  total  measured  capacitance,  Cy,  especially  near  Surface  stresses, 
which  appear  to  be  in  the  nature  of  2-D  tensile  stresses,  are  also  found  on  ground  and  polished 
surface  of  PLZT.  The  surface  stresses  are  partially  responsible  for  the  anomalous  dielectric 
behavior,  and  annealing  could  greatly  reduce  the  surface  stresses.The  nature  of  electroding  seems 
to  affect  the  dielectric  and  polarization  behavior  as  well.  Deposition  of  electrodes  by  sputtering 
causes  bombardment  of  surfaces  with  energetic  species  and  can  affect  the  intrinsic  surface  stress 
conditions.  Such  surface  bombardment  is  absent  in  the  case  of  evaporation.The  chemical  etching 
of  san^les  with  lapped  surface  can  offer  better  dielectric  behavior,  the  dielectric  properties  of  the 
bulk  ferroelectrics  may  be  measured  by  this  way.  More  detailed  experiment  to  complement  these 
observations  in  other  compositions  are  already  in  progress. 
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Fig.l.  Dielectric  constant  and  loss  tangent  vs.  tenperature  at 
1  kHz  Nith  various  surface  treatnents  (specinens  were 
annealed  before  grinding  and  polishing) . 
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Fig. 2.  P-E  hysteresis  loops  with  various  surface  treatwnts. 
Specinens  were  annealed  before  grinding  and  polishing. 
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Fig. 3.  Dielectric  constant  and  loss  tangent  vs.  teinper4ture 
The  solid  lines  are  for  specinens  annealed  after  grinding  • 
or  polishing,  the  dotted  lines  are  for  specinens  annealed 
before  grinding  and  polishing. 
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Fig. 4.  Dielectric  constant  and  loss  tangent  vs.  temperature 
at  1  kHz  for  chemically  etched  samples. 
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Fig. 5.  Dielectric  constant  and  loss  tangent  vs.  temperature 
at  1  kHz  Nith  evaporated  gold  electrodes. 
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Fig.  6.  P-E  hysteresis  loops  with  evaporated  gold 
electrodes,  (a)  Annealed  after  polishing  and 
(b)  annealed  before  polishing. 
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Dielectric  aad  pyroelectric  propeitiei  in  the  solid  soiutioa  {l-x)Pb{  Mgi/jNbt/j  )0| :  xPbTiO]  across  the  morphotropic  phase 
boundary  compoeitiotts.  xa0.37S-0.4,  ate  studied  at  a  fiinctioa  of  tempentute.  Tte  studies  revealed  that  the  true  morphotropic 
boundary  is  in  the  vidaity  of  x«0.3  aad  it  hu  a  small  curvature. 


Rdaxor  feirodectric  lead  magnesium  niobate, 
Pb(Mti/)Nb]/])Oi  (PMN)  has  an  anomalouily 
large  didecthc  constant  and  a  broad  diffuse  phase 
transition  near  -15*C  [1.2].  Though  the  Curie 
temperature  or  better  yet  Curie  range,  of  PMN  is  well 
below  room  temperature  it  can  be  shifted  upward 
with  PbTiO)  (FT)  additions,  a  normal  ordered  fer* 
roelectric  compound  which  has  a  transition  at  490*C. 
It  has  been  reported  that  a  morphotropic  phase 
boundary  (MPB)  exisu  in  the  solid  soiutioa  system 
( 1  -xlPhfl^-jcPT  near  xaO.4  separating  pseudo- 
cubic  (on  the  PMN-rich  side)  and  tetragonal  phases 
(onthePT-ridiside)  (3).  As  observed  in  other  sys¬ 
tems  such  as  PbZiO)-nTiO],  anomalously  large  di¬ 
electric  aad  piexoelectric  properties  are  observed  for 
compositions  lying  near  the  morphotropic  phase 
boundary  (4).  This  note  reports  the  dielectric  and 
pyroelectric  properties  for  PMN-PT  compositions 
in  the  vicinity  of  the  MPB  and  the  nature  of  the 
boundary. 

Ceramic  samples  (ftom  the  reagent  grads  pow¬ 
ders)  across  the  PMN-PT  morphotropic  phase 
boundary  were  prepared  by  using  tte  cohinUrite  pre¬ 
cursor  method  u  describ^  by  Swartz  and  Shrout 
[S].  Upon  milling  the  various  powder  mixtures  of 
PbMgNbrOfcPbO,  aad  TiOa  were  cold  pressed  is  disk 
shapes  aad  then  sintered  at  12S0*C  for  1-2  h  in 
cloaed  alumina  cmcibles.PbZrOy  powder  was  added 
to  help  control  Pb  stoichionietiy  in  the  samples. 
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Sintered  disks  were  polished  and  coated  with  sput¬ 
tered  gold  electrodes  on  both  sides.  The  dielearic 
constant  aad  loss  and  pyrodectric  coefficients  were 
measured  over  a  temperature  range  encompassing 
the  transition  temperature  for  each  composition.  The 
dielectric  properties  were  measured  as  a  fiinaion  of 
ftequeacy  using  an  automated  system. 

The  pyroelectric  coefficients  were  measured  by  the 
Byer-Roundy  method  as  the  samples  were  heated  at 
a  rate  of  4*C/min  through  the  phase  transition.  Prior 
to  the  pyroelectric  measurements  each  sample  was 
poled  by  applying  a  dc  bias  of  1 S  kV/cm  while  cool¬ 
ing  from  well  above  the  transition  to  a  temperature 
well  below. 

Fig.  1  shows  the  typical  plot  of  the  dielectric  con¬ 
stant  at  various  frequencies  ( 100  Hz- 100  kHz)  and 


Fig  I.  iCveiwt  Tu  virio«Hii«qiMacNtforcompatitio«0.77S 
PMN:  0.225  FT. 
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as  a  function  of  temperature  for  a  composition  0.77S 
PMN:  0.225  PT. 

The  dielectric  constant  venus  temperature  data 
depict  the  typical  relaxor  behavior  of  this  composi* 
tion.  When  the  samples  were  poled  and  x  varied  from 
0.2S  to  0.4,  the  dielectric  behavior  on  various  sam¬ 
ples  showed  a  slight  increase  in  the  Tc  and  the  sys¬ 
tematic  increasing  trend  in  the  magnitude  of  the  di¬ 
electric  peak  in  various  composition  ceramics  (fig. 
2). 

On  poling  the  compositions  xa0.27S,  0.3,  0.32S 
show  two  maxima  (not  observed  for  the  unpoled 
samples)  in  the  dielectric  constant  versus  tempera¬ 
ture  measurements  on  these  samples.  Such  anoma¬ 
lies  could  represent  a  second  phase  transition  and 


Fif.  2.  (a)  Oickctric  beliavior  of  (t-x)PMN-xPTotniniciat 
1  kHxmeMiriagfioquraqraiidasaAiaGtiaaofunpmain.  (b) 
Oielectncb«iisviorarpoW(l-jc)PMN-xPTo<nmki«  I  kHx 
measunni  frequency  at  a  Aiactioe  of  umpsmute.  SamplM  wen 
poled  by  applyins  I S  IcV/cm  Held  while  cooting  down  thraush 
the  phase  tnnsition. 


Fif.  3.  Pyroaltcinc  eoeffideni  venue  terapenture  measuiemenis 
for  U»  compotitioa  near  the  MPB. 
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Fi|.  4.  Phase diairim  of Pb(M|i,iNbiM)Ot-PbTiOi system. 

therefore  pyroelectric  measurements  were  done  on 
these  samples.  The  pyroelectric  coefficient  versus 
temperature  measurements  showed  anomalies  in  the 
same  temperature  range  as  observed  in  the  K  versus 
T  plots.  Thus  both  the  dielectric  and  pyroelectric  data 
(fig.  3)  indicated  the  presence  of  a  second  phase 
transition  in  the  compositions  in  the  morphotropic 
phase  boundary.  The  possible  transition  can  be  ex¬ 
plained  by  the  presence  of  a  small  curvature  closer 
to  the  morphotropic  boundary  as  shown  in  fig.  4.  It 
IS  clear  that  the  morphotropic  boundary  has  some 
curvature  at  composition  around  0.7  PMN :  0.3  PT. 


It  is  evident  that  the  two  transitions  represent  cu¬ 
bic-*  tetragonal->rhombohedral  (pseudo-cubic)  re¬ 
spectively  near  the  MPB  compositions.  The  com¬ 
positions  with  x>0.3S  show  the  characteristics  of  a 
normal  single-phase  ferroelectric  material. 

Since  the  nature  of  K  versus  T  and  p  versus  T  mea¬ 
surements  are  also  dependent  on  the  quality  of  the 
ceramics,  dopants,  grain  size,  and  other  processing 
parameters,  further  studies  of  these  factors  in  rela¬ 
tion  to  the  nature  of  MPB  are  in  progress. 

Thus  the  studies  revealed  that  the  morphotropic 
phase  boundary  in  the  ( 1  -  x)PMN :  xPT  system  is 
in  the  vicinity  of  jc«0.3  and  it  has  a  small  curvature 
and  as  a  result  the  compositions  near  the  MPB  show 
two  phase  transitions,  rhombohedral— tetragonal 
—cubic,  when  the  samples  are  heated  up  to  the  higher 
temperature. 
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Oielectnc  and  piezoelectric  properties  of  relaxor  ferroelectncs  In  the  solid  solution,  lormulaied 
( lM)(Pb| . ,  ,.La.  )(Mg,  iNb; .) —  .t  PbTiO..  have  been  investigated. 

The  dielectnc  properties  show  typical  first  order  ferroelectnc  behavior  for  PT  2  35‘T  and  relaxor 
type  below  being  indicative  of  the  morphotropic  phase  boundary.  Lanthanum  doping  resulted  in  re¬ 
duction  of  grain  size  and  shifting  of  the  T.  (Curie  Temperature)  -25  ’C/mole'^r  downward  in  PMN- 
PT  polycrystalline  ceramics.  The  optimum  value  of  piezoelectric  constant.  d„.  obtained  was  560  pC  N 
for  compositions  near  the  morphotropic  phase  boundary. 

Based  on  this  investigation.  La  doped  PMN-PT  compositions  appear  to  be  promising  candidates.  lor 
fine  gram  size  piezoelectncs.  pyroelectnc  bolometers,  and  through  hot  pressing  or  hut  isostatic  pressing, 
for  electro-optic  applications. 


INTRODUCTION 

Perovskite  lead  magnesium  niobate  {Pb(Mg,/3Nb:,3)0],  hereafter  designated  PMN| 
was  first  synthesized  by  soviet  workers  in  the  late  1950’s.‘  The  dielectric  properties 
of  PMN  have  been  widely  investigated  in  both  the  single  crystal^-^  and  polycrys¬ 
talline  ceramic  forms.  ^  The  main  feature  of  the  dielectric  properties  of  PMN  is 
a  broad  maximum  of  the  dielectric  constant  at  the  transition  temperature.  The 
magnitude  of  this  maximum  decreases  and  the  temperature  of  this  maximum  in¬ 
creases  with  increasing  frequency.  A  corresponding  frequency  dispersion  of  the 
dissipation  factor  was  also  observed,  but  at  a  temperature  range  lower  than  that 
of  the  dielectric  constant  maxima.  This  behavior  is  typical  of  what  are  now  com¬ 
monly  referred  to  as  relaxor  ferroelectrics.''*  PMN’s  disordered  diffuse  phase 
transition,  from  a  cubic  paraelectric  to  a  rhombohedral  ferroelectric  phase,  occurs 
near  -  15*C.*  Perovskite  PbTi03  (hereafter  designated  PT)  is  a  normal  ferroelectric 
material  having  a  transition  from  a  cubic  paraelectric  to  tetragonal  ferroelectric 
phase  near  490*C.  G)mpositions  in  the  PMN-PT  solid  solution  exhibit  a  morpho¬ 
tropic  phase  boundary,  MPB,  between  a  rhombohedral  phase  and  tetragonal  phase 
about  30-33  mole  %  PT."  The  dielectrip  and  piezoelectric  constants  for  materials 
near  MPB,  as  expeaed,  are  anomalously  high,  making  the  PMN  and  PMN-based 
materials  ideal  candidates  for  electrostrictive  strain  applications,''~‘’  electro-optic 
application'’- and  dielectric/pyroelectric  bolometers. 

In  the  present  work,  polycrystalline  ceramics  in  the  PMN-PT  system  were  pre¬ 
pared  by  doping  with  lanthanum.  As  found  in  lead  zironate  titanate  (PZT)  ce¬ 
ramics,^  La  addition  to  PMN  has  been  shown  to  promote  densification  and  through 


(34l|/U37 


1138/(342] 


N.  KIM  etal. 


hot  uniaxial  pressing,  optically  transparent  materials  have  been  achieved,  allowing 
the  determination  of  various  optic  and  electro  optic  properties. Our  work  in 
progress  has  also  shown  that  similar  densities  to  that  of  hot  uniaxial  pressing  can 
be  achieved  by  hot  isostatic  pressing.'^  Lanthanum  additions  to  PMN  have  also 
been  found  to  inhibit  grain  growth  and  thus  compositions  near  the  morphotropic 
phase  boundary  should  result  in  fine  grain  materials  with  properties  only  achievable 
in  convention^  piezoelectric  materials.  In  addition  to  the  above.  La  additions 
further  allow  the  flexibility  in  adjusting  the  Curie  temperature  without  significantly 
effecting  the  order/disorder  phenomenon  or  dielectric  temperature  behavior,  thus 
making  them  promising  candidates  for  dielectric/pyroelectric  bolometers. 

It  is  the  purpose  of  this  work  to  report  the  dielectric  and  piezoelectric  properties 
of  a  wide  range  of  lanthanum  doped  PMN-PT  solid  solutions. 


EXPERIMENTAL  PROCEDURE 

Polycrystalline  ceramic  samples  along  the  (l-x)Pb(l-3/2y)  (Mg„jNb,3)-xPb- 
Ti03_yLa,  as  shown  in  Table  I,  were  prepared  by  solid  state  reaction  using  the 
appropriate  amount  of  reagent  grade  raw  materials  of  lead  carbonate  PbC03.'i‘ 
magnesium  carbonate  MgC03,t  titanium  dioxide  Ti02.§  niobium  pentoxide  Nb^Os.;! 
and  lanthanum  oxide  La203.f 

Since  it  is  well  known  that  the  formation  of  perovskite  PMN  is  difficult  to  fabricate 
without  the  appearance  of  a  parasitic  pyrochlore  phase  (Pb3Nb40i3).  the  columbite 
precursor  method  by  Swartz  and  Shrout  was  used.‘^-^*  In  the  first  stage  a  precursor 
columbite  phase.  MgNb20i,  was  prepared  by  mixing  MgO  and  Nb205  in  stoichi¬ 
ometric  ratio  and  calcining.  In  the  second  stage,  the  precursor  was  mixed  in  stoi¬ 
chiometric  ratios  with  PbO,  Ti02  and  La203.  An  excess  of  0.5  weight  percent  PbO 
was  added  to  compensate  for  PbO  volatility  during  calcining  and  sintering.  In 
processing  the  columbite  precursor,  the  poor  dispersion  characteristics  of  VfgO 
power  can  lead  to  insufficient  mixing  intimacy  and  thus  incompletely  reacted  cal¬ 
cined  power.  To  insure  proper  mixing,  both  steric  hinderance  (polyelectrolyte 
dispersant)  an  electrostatic  repulsion  (pH  adjustment  by  ammonia)  dispersion 
mechanisms  were  required  to  prepare  a  25  vol.  %  slurry  with  deionized  H20.‘’ 
The  slurry  was  vibratory  milled,  followed  by  drying  and  calcination  at  llOO’C  for 
4  hours.  The  calcined  slug  was  pulverized  using  a  hammermill  and  the  appropriate 
amounts  of  PbO,  Ti02,  La203  were  added.  A  30  vol.  %  slurry  was  prepared  and 
vibratory  milled  followed  by  drying  and  calcination  at  700*C  for  4  hours.  Both  the 
columbite  and  subsequent  PMN-PT-La  calcined  powders  were  examined  by  X-ray 
diffraction  to  insure  phase  purity.  Less  than  1%  pyrochlore  phase  (compared  to 
perovskite  phase)  was  observed.  To  obtain  yet  a  more  uniform  and  reactive  powder, 
the  calcined  PMN-PT-La  powder  was  milled  again  as  above. 


'Hammond  Lead  Products.  Inc..  White  Lead  Grade  HLPA  (99%) 
^Fisher  Sctentific  Co..  .Magnesium  Carbonate  Purified  Grade 
iiFansteel  Metals.  Nb:0,  Tech.  Grade  (99.5%) 

HWhittker.  Clark  and  Daniels.  TiO:  Grade  (99%) 

'Alfa  Products  Co..  Lanthanum  Oxide  Grade  (99.9%) 
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Discs  were  prepared  using  Polyvinyl  alcohol  (PVA)  binder  followed  by  burnout 
prior  to  sintering.  Pellets  of  16  mm  in  diameter  and  2-3  mm  thick  were  pressed 
at  10  Mpa.  The  binder  was  burned  out  by  a  slow  heating  process  at  300°C  for  90 
minutes  and  at  S00*C  for  90  minutes  consequently. 

Compositions  with  jc  =  0,  0.07,  0.20,  0.25,  0.30,  0.35.  0.40  and  y  -  0.01  were 
sintered  at  llOO^C  for  4  hours  and  1200*C  for  4  hours.  Pellets  were  placed  on 
platinum  foil  in  an  enclosed  alumina  crucible.  To  further  reduce  PbO  volatility, 
sintering  was  performed  in  a  lead  rich  atmosphere  by  placing  a  small  amount  of 
an  equimolar  mixture  powder  of  PbO  and  TsO-x  in  a  crucible.  A  heating  rate  of 
900*C  per  hour  was  used  to  further  help  prevent  PbO  loss. 

Weight  loss,  geometrical  density  and  grain  size  were  determined  for  all  the  various 
compositions  and  firings.  Powder  X-ray  diffraction  patterns  of  calcined  and  sintered 
powders  were  analyzed  to  determine  the  lattice  parameters,  appropriate  structure, 
theoretical  density  and  the  presence  of  pyrochlore.  The  grain  size  was  determined 
on  fracture  surfaces  monitored  by  SEM. 

In  preparation  for  dielectric  and  piezoelectric  measurements,  sample  discs  were 
polished  flat  and  parallel  and  electroded  using  sputtered  on  gold.  An  air  drying 
silver  paste  was  also  applied  to  insure  good  electrical  contact.  The  dielectric  meas¬ 
urements  were  carried  out  on  an  automated  system  in  which  a  temperature  control 
box  (Model  2300,  Delta  Design.  Inc.)  and  LCR  meter,  (Model  4274A  and  Model 
4275A  LCR  meter,  Hewlett-Packard,  Inc.).  Both  the  dielectric  constant  and  dis¬ 
sipation  factor  of  unpoled  samples  were  measured  pseudo-continuously  at  various 
frequencies  (0.1,  1,  10,  and  100  kHz)  as  the  samples  were  heated  from  -SO’C  to 
220*C  at  a  rate  2  to  4  degrees  per  minute.  The  dielectric  measurements  of  poled 
samples  were  also  carried  out  to  see  if  any  rhombohedral  to  tetragonal  phase 
transition  occurs  near  the  MPB  as  observed  in  the  undoped  PMN-PT  system.  For 
ferroelectrics  with  diffused  phase  transitions,  the  law,  MK  -  (T  -  is  found 
instead  of  the  normal  Curie- Weiss  Law,*  “  from  which  the  level  of  diffuseness  (6) 
of  the  phase  transition  was  obtained. 


TABLE  I 


Physical  and  dielectnc  properties  of  PMN-PT-La  ceramics 


Compositkm 

Firing 

pfgfcc) 

Crain  (iun)* 

((§  100  Hz) 

n  (’C) 

5(’C) 

PMN-OILA 

ll00*C4hn. 

7.81 

2.0 

8500 

-33 

62 

120(PC  4  hn. 

7.82 

3.2 

9700 

-36 

57 

PMN-<»7PT4)ILA 

110(PC4hn. 

7.79 

1.2 

12000 

-3 

51 

IZfXrC  4  hn. 

7.80 

2.4 

16300 

-6 

43 

PMN-20PT-0ILA 

110(PC4hn. 

7.80 

0.7 

ISOOO 

96 

37 

l20(rC4lin. 

781 

1.6 

25500 

92 

29 

PMN-23PT-01LA 

lt0(rC4hn. 

7.82 

0.7 

14800 

119 

37 

I300*C  4  hn. 

784 

1.5 

26600 

115 

28 

PMN-30PT-0ILA 

U0(PC4hn. 

7.77 

0.7 

10800 

145 

40 

I20(rC  4  hn. 

780 

1.7 

23600 

139 

28 

PMN-3SPT-01LA 

ll(n*C4hn. 

7.TO 

0.7 

9300 

162 

— 

120irc  4  hn. 

7.81 

1.8 

23200 

153 

— 

PMN-40PT-01LA 

ll0(PC4hn. 

7.82 

0.6 

9100 

215 

— 

llfXrC  4  hn. 

785 

1.6 

12800 

195 

— 

‘intcnranular  fracture  surface 
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In  the  case  of  piezoelectric  measurements,  poling  was  performed  on  selected 
samples  by  cooling  from  above  the  transition  temperature  in  a  stirred  oil  bath  to 
room  temperature  in  air  with  an  applied  field  of  25  kv/cm.  The  piezoelectric  coef- 
ficent.  was  measured  on  a  Berlincourt  d}}>meter  (Model  CPDT  3000.  Channel 
Products.  Inc.) 


RESULTS  AND  DISSCUSION 
Lattice  parameter,  density  and  grain  size 

As  determined  by  XRD ,  less  than  1  %  pyrochlore  phase  was  detected  for  the  various 
compositions.  Also  observed  by  slow  scan  XRD.  splitting  of  the  pseudo-cubic 


FIGURE  2  SEM  ptmtomicrofraphs  of  fractured  surfaces  of  PMN-based  samples  fired  llUtr'C  -t  hrs 
(left  PMN.;  ri|hi-La  doped  PMNI 
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(rhombohedral)  phase  peak  occurred  in  the  35  and  40  mole  %  PT  compositions, 
as  indicated  in  Figure  1;  the  plot  of  lattice  parameters  versus  composition.  This  is 
evidence  that  the  MPB  between  the  rhombohedral  and  tetragonal  phases  lies  be¬ 
tween  30%  and  35%  PT.  being  similar  to  that  observed  by  Choi  et  al.  in  the  undoped 
PMN-PT  system." 

Physical  and  dielectric  properties  for  selected  PMN  'T-La  samples  are  reported 
in  Table  I.  As  tabulated,  the  resulted  densities  were  gieater  than  95%  theoretical, 
being  8.15  g/cc  for  PMN-OlLa.  Also  reported  in  Table  I.  La  inhibited  grain  growth 
as  expected.  A  narrow  range  in  grain  sizes  ( -  .5  M-m  to  3  iim)  was  found  for  ail 
the  various  composition  and  firings.  It  is  clearly  evident  that  La-doped  polycrys¬ 
talline  ceramics  have  smaller  grain  sizes  than  undoped  polycrystalline  ceramics." 
Typical  SEM  photomicrographs  of  fr^tured  surfaces  are  shown  in  Figure  2.  As 
obMrved.  grain  sizes  were  reduced  5  M->n  to  2.4  um  for  PMN  and  PMN-La.  re¬ 
spectively. 


Dielectric  and  piezoelectric  properties 

As  shown  in  Figure  3,  plots  of  the  dielectric  constant  and  loss  as  a  function  of 
temperature  and  frequency  for  compositions  less  than  35  mole  %  were  characteristic 
of  relaxor  ferroelectrics  with  broad  dielectric  maximas.  Also  characteristic  of  re- 
laxors.  the  dielectric  maxima  decreased  and  the  peak  transition  temperature  shifted 
upward  with  increasing  frequency.  The  maximum  of  dielectric  constant  was  also 
found  to  increase  with  increasing  PT  until  30  mole  %  PT  at  which  above  decreased, 
with  the  behavior  becoming  sharp  and  more  normal  or  '‘ordered"  ferroelectric 
like.  No  evidence  of  a  rhombohedral  to  tetragonal  phase  transition  in  the  K  vs.  T 


pw-aiL* 
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FIGURE  3  OMectiic  comom  K  ii  various  frequencim  v$.  temperature  for  PMN-PT-La  compositions 
sintered  at  1200^4  hours. 
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MPB  Ciir*tMaFMKtiMorTcMi4C«ai9MMMi 

FIGURE  4  Phase  diagram  for  PMN-PT  (Choi  etal..  Reference  11)  and  PMN-PT-La  systems  showing 
morphotropic  phase  boundaries  (MPB). 


plots  of  poled  compositions  near  the  MPB  was  observed  as  was  found  in  the 
undoped  PMN-PT  system  by  Choi,'*  inferring  a  less  curved  morphotrophic  bound¬ 
ary.  as  shown  in  Figure  4. 

Presented  in  Table  I  and  shown  in  Figure  3,  the  level  of  was  not  only 
dependent  on  the  amount  of  f^.  but  on  the  firing  condition  as  well.  With  increased 
firing  temperature  and  subsequent  grain  growth,  was  found  to  be  significantly 
increased.  The  grain  size  dependence  of  K  is  believed  to  be  similar  to  that  observed 
in  undoped  PMN-PT'^  and  PLZT."  being  the  result  of  compositional  gradients 
near  the  grain  boundary  resulting  in  regions  highly  stressed  and  disordered  affecting 
the  thermal  orientation  of  polar  micro-regions  and  thus  a  reduction  in  dielectric 
constant.  Evidence  of  this  model  is  depicted  in  Figure  5a.  where  near  the  grain 
boundary  a  large  concentration  of  non-stoichiometric  ordering  of  Mg:Nb  cations 
(white  regions)  is  observed.  The  F-spot  supertattice.  shown  on  Figure  5b.  indicates 
the  1:1  Mg:Nb  ordering.^' 

Variatioas  in  the  level  of  K  and  shape  of  K  vs.  T  curves,  can  also  be  directly 
related  to  the  diffuseness  coefficient,  S  in  Table  I.  which  for  relaxors  reflects  the 
level  of  disorder  in  terms  of  the  broadness  of  the  Curie  maxima.  Obviously  no 
diffuseness  coefficients  were  reported  the  35  and  40  mole  %  FT  compositions, 
since  their  K  vs.  T  behavior  reflected  nearly  “normal”  ferroelectric  behavior.  As 
reported  for  many  relaxors,  the  i  coefficient  correlates  well  with  the  level  of 
yet  for  given  values  of  undoped  PMN-PT,  the  values  for  La-doped  PMN-PT  are 
much  smaller  for  equivalent  K„„'s,  inferring  that  La  additions  result  in  a  reduction 
in  K.  while  increasing  the  degree  of  ordering.  It  has  been  found  in  PMN-PT.  that 
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FIGURE  3a  TEM  analysis  of  PMN:La  with  white  regions  indicating  non-stoichiomeinc  ordenng  ut 
Mg:Nb  cations.  Larger  white  region  is  near  the  gram  boundary. 


FIGURE  Sb  F-spoi  superiattice  indicating  1:1  Mg;Nb  ordering. 


the  degree  of  dielectric  ordering  can  be  varied  through  thermal  annealing  resulting 
in  virtually  no  grain  size  dependency.  Annealing  studies  have  yet  to  be  performed 
to  determine  whether  or  not  the  very  fine  grain  samples  can  exhibit  equivalent  Ks. 
to  that  of  large  grain  size  samples. 

Another  effect  of  La  doping  was  to  shift  the  Tc  downward,  approximately  2S°C/ 
mole  %,  being  reported  in  Table  I  and  shown  in  Figure  6,  where  1.  3  and  5  mole 
%  additions  of  La  was  made  to  PMN-35%  PT  composition.  Though  the  T,  shifts 
continuously  downward,  the  general  shape  of  the  “normal"  type  ferroelectric  be¬ 
havior  and  level  of  /f-,-  is  nearly  maintained.  It  is  felt  that  such  materials  will  be 
promising  candidates  for  dielectric/pyroelectric  bolometers,  providing  the  needed 
high  dielectric  constants  and  large  field  induced  pyroelectric  coefficients  required 
for  thermal  IR  detectors,  as  discussed  in  Reference.'** 
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FIGURE  Dielectric  constant  K  at  various  frequencies  vs.  temperature  ivith  increasing  La  in  the 
PMN05PT  system  sintered  I’OO^C  i  hours. 


The  values  of  the  piezoelectric  coefficient  (dj])  for  selected  samples  are  reported 
in  Table  II.  Compositions  near  the  MPB  showed  maximas  in  the  piezoelectric 
propenies.  with  dyy  >  500  pC/N,  being  slightly  improved  with  annealing.  Work  is 
still  ongoing  to  optimize  firing  and  annealing  conditions  to  further  improve  the 
piezoelectric  properties. 


SUMMARY 

1.  The  addition  of  La^O]  to  the  PMN*PT  relaxor  ferroelectric  system  was  tound 
to  promote  densification  and  inhibit  grain  growth. 

2.  The  effect  of  La-doping  on  the  dielectric  properties  was  to  shift  the  down¬ 
ward  about  25’C'mole  ^  In  addition  the  dielectric  properties  were  strongly  de¬ 
pendent  on  gram  size.  In  contrast.  La-doping  resulted  in  slightly  reduced  K  and 
more  dielectric  ordering. 


TABLE  11 


Piezoelectric  ^.o^^lanl  of  PMN-PT-La  ceramic 
Composiiion  Piczi’cleciric  Constant.  </.,  (  x  10  '  C  N1 


1  lim  e  4  hrs 

i:oii“C  4  hrs 

.Annealed' 

PMN.:0PT0ILA 

Zmi  ' 

:iii 

imi  -  384 

.'>80  -  420 

PMN-:5PT4IILA 

450  -  502 

430  ■-  510 

PMN-jOPT-OlLA 

- 

.till 

450  -  510 

-  5N) 

PMN.35PT-(ilL.\ 

:ii' 

Mo  -  .t20 

3MI  -  aim 

PMN-4(IPT4I1LA 

:do 

210  -  240 

200  -  300 

'AnnealeJ  viiii  (  a  hourv  folUiwing  vintermg  at  miuX  4  hours. 
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3.  The  position  of  the  morphotropic  phase  boundary  in  PMN-PT  appeared  not 
to  be  effected  by  the  addition  of  La203.  No  evidence  of  a  rhombohedral  to  tetrag¬ 
onal  phase  transition  was  observed  near  MPB. 

4.  Further  additions  of  La^Oj  could  be  used  to  dramatically  shift  the  Tc  down¬ 
ward  without  significantly  changing  the  dielectric  behavior. 

5.  Piezoelectric  coefficients  >  560  pc/N  for  compositions  near  MPB  were 
obtained.  Current  annealing  studies  have  demonstrated  the  potential  of  fine  grain 
materials  possessing  large  piezoelectric  activity. 

All  in  all.  La-doped  PMN-PT  type  materials  appear  to  be  promising  candidates 
for  high  K  dielectrics,  fine  grain  piezoelectrics,  dielectric/pyroelectric  bolometers 
and  with  hot  uniaxial  pressing  suitable  for  electro-optic  applications. 


FUTURE  AND  ONGOING  WORK 


1.  Preliminary  work  has  demonstrated  that  transparent  materials  suitable  tor 
optical  evaluation  can  be  achieved  by  hot  isostatic  pressing  without  the  restrictions 
of  a  pressure  vessel  (raws,  die.  sands  etc.)  required  in  hot  uniaxial  pressing. 

2.  Compositional  tuning  near  the  MPB  to  achieve  optimal  fine  grain  piezoelectric 
material. 

3.  Pyroelectric  property  measurements  of  selected  compositions  for  potential 
pyroelectric/bolometers. 
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Dielectric  behavior  of  the  relaxor 
ferroeleetric  Pb(Mg„,Nb2„)Os-PbTiO, 
solid-solution  system  was  studied 
from  —50*  to  200*C  in  the  100  to 
12x10*  Hz  frequency  region,  and 
a  broad  dielectric  relaxation  was 
measured  for  compositions  through¬ 
out  the  system.  The  relative  micro- 
wave  permittivity  the  composition 
0.9Pb<Mg„]Nbj,i)Oj  0.lPbTiO}  de¬ 
creased  by  I  order  magnitude  from 
the  I -MHz  value  of  II 800,  and  simi¬ 
lar  decreases  were  observed  for  other 
compositUms  in  die  system.  Dielectric 
loss  (tan  8)  values  ranged  from  OJ  to 
1.0  at  microwave  frequency.  The  tem¬ 
perature  of  the  broad  dielectric  con¬ 
stant  maximum  shifts  toward  higher 
values  with  increased  frequency. 
(Key  words:  titanates,  lead,  dielectric 
properties,  microwaves,  temperature.l 

IJICH-OieLECTIUC-CONSTANT  mMCfuls  ia 
(idio  (requcacy  and  microwave  ftc* 
queacy  legum  aro  requiied  for  ibc  growing 
needs  of  advanced  microwave  imegraied 
circuits  and  high-speed  computational  sys¬ 
tems.  Microwave  measurements  of  hi^- 
dielecthc-constant  materials  will  assist 
in  materials  selectioo  for  decoupling  ca- 
paciion  and  electromapistic  inietfercnce 
niten  that  have  operational  frequencies 
approaching  I  GHz.'*’  Perovskite  feno- 
eleciric  relaxon  have  aatacsed  a  consider^ 
able  amount  of  atientioo  because  of  their 
large  dielectric  constants  and  electro- 
strictive  strains.  These  materials  have  an 
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advantage  of  relatively  low  processing 
temperatures,  which  are  com^ble  with 
the  sintering  requirements  of  other  mate¬ 
rials  in  packaging  devices.*  One  of  the 
best-known  materials  in  the  lead-based 
relaxor  family  is  PbiMgi/jNbiqlO).’'*  The 
lead  magnesium  niobate-lead  titanate 
solid  solution  (herein  designated  PMN-PT) 
has  several  interesting  compositional 
modifleations.’  and  the  low-frequency 
dielectric  properties  have  been  studied 
previously.' 

Experimental  Methods 

Perovskiie  solid  solutioot  of  PMN-PT 
were  prepared  by  a  mixed-oxide  route  from 
reagem-grade  PbCO).  MgO,  Nb^Ot,  and 
TtO].  Pmalcinatiott  of  MgO  and  NbjOj 
was  requind  to  avoid  pyrochloR  fotmation 
in  the  fmal  product.*  Tte  absence  of  pyro- 
chlote  phase  formation  was  confirmed  by 
powder  X-ray  diffraction  (XRO).  Ceramic 
specimens  were  sintered  at  about  I  IOO*C 
to  more  than  9S%  of  tbeotetkal  density. 

Dielectric  propetties  were  measured 
through  a  broad  frequency  range  from 
100  Hz  to  10  GHz.  An  automated  bridge’ 
with  a  temperature  controller'  was  used  to 
measure  the  dieleciiic  contiaot  from  100  Hz 
to  I  MHz.  Oielectiic  measurements  in  the 
microwave  region  were  measured  previ¬ 
ously  for  lead  zirconate  and  nitile,  which 
have  leiaciveiy  low  dielectric  constams  and 
losses.**  Thm  materials  have  dielectric 
constants  that  are  over  an  order  of  magni¬ 
tude  lower  than  in  the  PMN-PT  system. 
The  meuurement  procedure  for  high- 
dielectric-constant  materials  is  similar, 
although  the  equatkms  for  determining  the 
permittivity  from  microwave  transmission 
parameten  are  differem. 

Microwave  dielectric  measuremenu 
were  conducted  by  a  transmission  technique. 
The  specimens  were  machined  to  com¬ 
pletely  nil  the  crou  section  of  an  X-band 
rectangular  waveguide.  Scattering  parame¬ 
ters  in  reflection  and  transmissioo.  Sn  and 
5)1,  respectively,  from  the  dielectric  loaded 
waveguide  were  meuured  by  a  network 
analyzer.*  Experimental  details  have  been 
discussed  elsewhere.'*  and  the  following 
expreuion  has  been  given  for  the  complex 
permiaivity,  a;,  in  terms  of  5ii  and  5)i;" 


\y*}  (i+s.iT’-si, 

4S1 


(I) 


where  and  y-(Xj-e,- 

(X#)’)*  ’.  In  Eq.  (I),  >0  and  y  are  the 
propagation  constants  of  an  air-fllled  and 
dielectric-filled  waveguide,  respectively; 
X,  is  the  cutoff  wave  number  and  X«  is  the 
free-space  wave  number.  Equation  (1)  has 
an  eigenvalue  solution,  and  a  prior  estiniaie 
of  dietocnic  constant  was  conducted  using 
a  frequency  difference  technique."  The 
maximum  standard  deviation  for  dielectric 
constant  and  lou  (201  measurements)  at 
room  temperature  wu  16%  for  all  of  the 
samples  measured  in  the  X-band. 

The  analytical  procedure  mentioned 
previously  coiild  not  be  extended  to  dielec- 
Bic  measutment  u  a  function  of  temperanire 
because  of  the  large  scatter  in  permittivity 
data  which  was  exhibited  by  this  technique. 
The  temperature  change  caused  a  geo¬ 
metrical  vatiadon  in  the  waveguide,  which 
severely  limited  the  accuracy  of  the  5ii 
measurement.  Dielectric  measurement  as 
a  function  of  temperature  was  conducted 
using  adjoining  quatierwave  matching  plates 
of  Teflon**  on  both  sides  of  the  sample  in 
the  waveguide.  A  similar  procedure  was 
utilized  in  the  system  Ba,Sr|.,TiO).'’  and 
it  had  the  advantage  of  requiting  only  the 
5)1  measuremem  to  obtain  the  dielectric  con- 
stam.  The  use  of  quatierwave  plates  negated 
the  swept  frequency  advantage  of  the 
transmiuioo  method  discussed  previously. 

The  network  analyzer  was  fust  cali¬ 
brated  using  a  standard  X-band  calibration 
kit.”  Tbe  entire  assembly  wu  placed  in  a 
lempaiature  chamber  (controlled  to  x.  1*0. 
Phaw  and  attenuation  of  5]|  were  recorded 
at  10  GHz  for  each  temperature,  and  the 
dielectric  parameters  were  calculated  for  a 
sample  of  ihickneu  /. 


(2) 


Equation  (2)  is  solved  for  y,  from  which  the 
dielectric  properties  are  calculated.'*  The 
measurement  error  between  S-i  measure¬ 
ments  at  separate  temperatures  wu  deter¬ 
mined  from  unceitainty  in  the  phase  and 
magnitude  of  the  network  analyzer  and  wu 
(hr  dielactrie  constant  and  lou  to 
be  2%  and  11%.  respectively.  Air  gaps  be¬ 
tween  the  quaiterwave  plate  and  sample 
have  a  dalaieiiotts  effoet  on  the  measure¬ 
ment  accuracy,  because  of  the  unaccoumed 
reflection  at  the  Teflon-PMN  interfaca. 
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Tabi*  I.  X-Band  Oielectnc  Properties  Detennined  for  Vinous 
Compositiows  u  Room  Tempernure _ 


MawiN 

OmNcok  cansiaM 

OmNcow  loa 

0.9PMN  0.I  FT 

1190 

1.0 

0.8  PMN-0.2  PT 

620 

0.7 

0.7  PMN  0.3  PT 

530 

0.8 

0.6  PMN-0.4  PT 

620 

0.7 

LOO  FREQUENCY  (Ml 


i.  I.  OieleeaicprapsRiHofO.9PMN-0.IPT  as  a  AuGaoe  of  fiequMcy. 


TCMPCRATURK  *C 

2.  Dielccoic  coosiiM  of  PMN  m  a  Amctioa  of  Nrapwo- 
e  for  ielected  fttgueonei. 


TCMPtRATURE  X 

Pig.).  DMecole  eoMiNR  of  0.9PMN-0.IPT  M  a  taettea 
of  Hovmara  fcr  HlscHd  IkeEMoclH. 


Results  and  Discussion 

In  the  present  study,  five  composi* 
lions  were  selected  in  the  xPMN-<t  -xiPT 
system,  in  which  x^O.O.  0.9.  O.g,  0.7, 
and  0.6.  Dielecthc  constant  and  lou  were 
calculated  from  measured  5  parameters 
using  Eq.  (1).  A  flat  dieiectiic  response  in 
the  8>  to  U-GHz  region  wu  observed  at 
room  temperature  for  all  compositions,  and 
the  average  dielectric  constant  and  loss 
values  are  shown  in  Table  I. 

The  dielecthc  propeities  of  0.9PMN- 
O.IPT  calculated  from  Eq.  (I)  are  shown 
in  Fig.  I.  A  large  relaution  was  obsetved 
at  low  frequency  and  continued  into  the 
microwave  range.  The  dielecthc  constant 
decreased  by  over  I  order  of  magnitude 
and  the  lou  increased  by  a  factor  of  6  as 
frequency  wu  increased  from  1  .MHz  to 
10  GHz.  Similar  relaxatioas  were  observed 
for  other  compositions  in  the  PMN-PT 
solid-soluiion  system. 

Permittivity  u  a  function  of  tempera¬ 
ture  and  frequency  for  vahous  composi- 
tkrns  is  shown  in  Rgs.  2-6.  The  miciowave 
dielecthc  constant  wu  calculated  from 
Eq.  (2).  A  rapid  decrease  in  the  dielectric 
constant  u  a  function  of  frequency  and  a 
conespoading  increase  in  the  dielectric  loss 
were  observed.  The  decrease  in  dklecoic 
constaat  became  mere  dramatic  u  the  maxi¬ 
mum  temperature  wu  approached.  These 
experimental  observations  agree  qualiu- 
tively  with  Khuchua's  work  on  PMN. As 
is  characterisac  with  ^  fetroelectric  lelaxor 
matehals.  the  temperature  of  dielectric 
constant  maximum  shifts  toward  higher 
lemperaiures  with  increasing  finquency.  The 
shifts  in  the  microwave  perminivity  maxima 
for  pure  PMN  and  0.9PMN-0.  IPT  are 
113*  and  87*C,  respectively,  from  the 
lOO-kHz  value.  It  is  believed  that  this  nan- 
sition  occurs  at  temperarures  greater  than  for 
I30*C  for  composidoas  with  larger  amounts 
of  lead  utanaie  and  is  greater  than  the  tem¬ 
perature  capability  of  our  equipmem. 

The  0.7PMN-0.3PT  composition 
exhibia  a  more  complicated  ruponse  at 
mictowave  frequency  ( 10  GHz)  u  a  func¬ 
tion  of  temperature  (Fig.  S).  Measure- 


riMPgRATURt  X 
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Fi|.  i  Dielectric  coniuol  of  0.7PMN-0.3PT  u  a  functioa  of 
lempcntuie  for  selected  frequencies:  tO^Hz  dau  are  planed  on  an 
expanded  scale  for  clattty. 


Fi|.  6.  Dielectric  contum  of  0.6PMN'0.4FT  as  a  function 
of  tempcteniie  for  selected  frequencies. 


ments  of  other  properties,  such  as  X*ray 
and  pyroelectric  coefficients,  suggest  that 
the  morphotropic  boundary  exists  in  the 
PMN-PT  solid-solution  system  at  about 
0.32  mol%  of  PT  content.'*  As  tempera* 
tuie  decrease^,  the  0.7PMN  0.3PT  compo¬ 
sition  may  experience  the  phase  transition 
from  cubic  to  tetragonal  a^  subsequently 
to  the  thombohedral  structure.  Verificatian 
of  this  phenomenon  in  samples  close  to  the 
0.7PMN-0.3PT  composition  is  a  subject 
of  further  research. 

Conclusions 

The  relative  dielectric  permittivities 
for  the  PMN-PT  solid-solution  system 
show  a  response  that  is  independent  of  fre¬ 
quency  from  8  to  12  GHz.  although  a  large 
dielectric  relaxation  was  observed  from 
100  Hz  to  10  GHz.  The  dielectric  constants 
of  all  compositions  decrease  significantly 
at  microwave  frequency,  and  a  conespond- 
ing  increase  in  the  dielectric  loss  was  also 
observed.  The  broad  temperature  regkm  of 
maximum  permittivity  for  all  composi¬ 
tions  shifts  toward  higher  temperatures  u 
the  measurement  frequency  increases. 


which  implies  that  thermally  activated 
processes  are  contributing  strongly  to  the 
dielectric  polarizability.  Results  on  the 
0.7PMN-0.3PT  composition  indicate  that 
the  morphotropic  boundary  may  exist  near 
this  composition,  which  it  in  agreement 
with  earlier  studies. 
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Microwave  investigadoas  of  fenoelectric  materials  pose  special  problems  because  of  their  dielecttic 
parameten.  Special  techniques  are  therefore  required.  A  few  techniques  suitable  for  ferroelecttic 
materials  have  been  described.  Typical  results  obtained  from  them  are  presented  and  discussed. 


INTRODUCTION 

Dielectric  studies  of  ferroelectrics  in  the  microwave  region  are  important  in  view 
of  possible  applications  of  these  materials  in  microwave  circuits  and  devices.  High 
frequency  investigations  not  only  support  low  frequency  measurements  but  give 
additional  information  in  many  cases  regarding  polarization  processes  and 
associated  loss  mechanisms.  The  importance  of  high  frequency  measurements  is 
further  enhanced  by  the  fact  that  a  lot  of  experimental  data  is  needed  before  a 
theory  is  developed  to  correctly  explain  and  predict  the  microwave  behavior  of 
the  ferroelectrics. 

The  high  frequency  dispersion  of  the  dielectric  constant  in  displacement  type 
and  ordered  and  disorder^  type  ferroelectrics  has  been  discussed  by  Smolenskii 
et  at.'  They  have  discussed  the  behavior  of  Barium  Titanate  and  Triglycine 
Sulphate  as  protypes  of  the  two  types  of  ferroelectrics.  The  dielectric  behavior  of 
difliised  phase  ferroelectrics  at  microwave  frequencies  show  some  interesting 
features.^  The  dielectric  constant  at  microwave  fields  decreases  by  an  order  of 
magnitude  while  the  loss  tangent  increases  by  more  than  one  order  as  compared 
to  their  low  frequency  values.  In  relaxor  ferroelectrics  like  PMN-PT  (lead 
magnetium  niobate-lead  titanate),  the  frequency  response  in  8-12  gigahertz 
(GHz)  range  is  flat  and  the  peak  in  e'  versus  temperature  shifts  towards  higher 
temperature  as  the  frequency  increases.  These  findings  call  for  more  work  at 
microwave  frequencies. 

High  frequency  experimeatai  studies  pose  some  problems.’'^  They  may  be  due 
to  the  requirement  of  precise  sample  geometry  in  some  cases  and  in  others  these 
may  be  the  result  of  the  often  encountered  typical  combinations  of  dielectric 
parameters.  Thus  the  use  of  special  techniques  becomes  necessary.  The  purpose 
of  this  paper  is  to  discuss  some  of  the  promiring  experimental  methods  and  report 
the  results  by  using  them. 
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FIGURE  1  SectkNial  view  of  the  specimen  in  position  in  the  waveguide. 
MEASUREMENT  TECHNIQUES 


The  choice  of  measurement  technique  for  the  study  of  ferroelectrics  in  the 
microwave  region  is  often  decided  by  the  ma^itude  of  the  dielectric  parameters 
of  the  specimen.  This  is  contrary  to  the  practice  at  low  frequencies  wherein  a 
single  tedmique  proves  sufficient  for  a  wide  range  of  parameters. 

Ferroelectrics  having  a  low  dielectric  constant  and  moderate  losses  such  as  TGS 
and  polymer  like  PVDF  can  be  conveniently  measured  at  microwave  frequencies 
using  inhomogeneously  filled  waveguide  technique.*’^  This  measurement  method 
is  also  suitable  for  studying  ferroelectric  filtns. 

In  this  technique  the  specimen  in  the  form  of  a  thin  sheet/wafer  or  film 
deposites  on  a  substrate*'*  is  placed  longitudinally  at  the  centre  of  rectangular 
waveguide  (Figure  1).  The  complex  dielectric  constant  is  calculated  from  the 
measured  phase  and  attenuation  introduced  by  the  specimen.  These  quantities 
can  be  measured  by  adopting  one  of  the  experimental  arrangements*'^  depending 
on  the  availability  of  microwave  equipment.  A  simple  convenient  design  for 
sample  holder  wave  guide  is  also  avaiUble.^ 

Based  on  the  geometry  shown  in  Figure  1  the  expressions  for  the  dielectric 
constant  («')  and  loss  factor  (e*)  are 


€' 

e* 


«S+.J  a) 

1  aj«3-«i«4  2\ 


and  the  loss  tangent. 


tand 


£ 

e' 


where  ko  *  is  the  free  space  wave  number  (m  being  the  angular 

frequency  of  measurement),  and 

a,-dRe(k3-r*)“ 

a,-dlm(ft5-r»)“ 

_ 2sin2ai _ 

exp(2a2)  +  exp(-2a2)-<>2cos2ai 
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FIGURE  2  Spedoen  placed  between  Teflon  quaiter  wave  plate*  in  rectangular  waveguide. 

a  exp(2fli)  -  exp(  -  laj) 

*  exp(2aj)  +  exp(  -  2<ij)  +  2  cos  2d| 


where 


/S  =  /3^  +  ^0  (radians  m"') 


s  phase  shift  produced  by  the  unit  length  of  the  specimen, 

/Sg  s  ^  where  Xg  is  the  guide  wavelength  in  the  empty  guide. 

attenuation  (in  db)  . 

: (nepers  m  *) 
length  of  speamen  x  8.686 

I  =  thickness  of  specimen,  and 

d  « (1/2)  •  (a  “  t),  'a'  being  the  width  of  the  waveguide  (Figure  1) 

In  the  above  expressions,  r(«ar  +  jp)  is  complex  propagation  constant. 

Diffused  phase  ferroelectrics  exhibit  dielectric  constant  of  several  hundred  and 
varied  losses  in  the  microwave  region.  Such  high  permittivity  materials  when 
placed  in  a  waveguide  for  measurement  transmit  insufficient  microwave  signal  for 
generating  accurate  reproducible  data.  The  transmission  in  such  cases  can  be 
enhanced  by  the  uses  of  quarter  wave  plates  on  either  side  of  the  specimen  in  the 
waveguide  as  shown  in  Figure  2. 

Recently  different  compositions  of  PMN-PT  were  investigated  using  this 
technique.*  A  small  waveguide  section  containing  thin  slabs  of  PMN-PT 
(thickness  0.2-2  mm)  sandwiched  between  quarter  wave  plates  of  teflon  was 
attached  to  a  network  analysert  for  measurement.  With  the  quarter  wave  plates 
alone  in  the  guide,  the  network  analyser  was  first  calibrated  for  reflection  and 
transmission  using  standard  X-band  calibration  kit.l 

Dielectric  constant  e'  and  loss  tangent  tan  6  were  calculated  using  the  following 
expressions. 


2ciP  \ 
ar*  + 


t  Hewlen>Padunl  SSIOT  Network  Anelyfer 
t  Model  XTDQSE,  Maury  Microwave  Corporatioa,  California. 
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where  Ao  denotes  the  free  space  wavelength, 

A,  is  the  cutoff  wavelength, 

-  measured  phase  (in  degrees)  +  2jrN 
^  sample  thickness 

measured  loss  (in  db) 

^  sample  thickness  x  8.686 

Prior  knowledge  of  the  dielectric  constant  is  required  to  choose  the  appropriate 
value  of  the  integer  N  in  Equation  for  fi  above.  Therefore,  dielectric  constant  was 
first  estimated  using  a  frequency  method  of  measurement.'** 

It  may  be  noted  that  the  quarter  wave  plate  is  useful  only  at  one  frequency  and 
negates  the  swept  frequency  advantage  of  transmission  methods. 


RESULTS  AND  DISCUSSION 

Four  different  compositions  of  xPMN-(l-x)PT  (where  x»0.9,  0.8,  0.7,  0.6) 
were  selected  for  the  present  microwave  studies.  Figure  3  shows  the  room 
temperature  permittivity  and  dielectric  loss  in  0.6PMN-0.4PT  and  0.7PMN- 
0.31^  in  the  8-12  GHz  frequency  region.  These  results  were  obtained  from  the 
frequency  difference  technique.  “*  Other  compositions  of  PMN-PT  showed  similar 
behavior.  The  flat  frequency  response  of  Ph^-PT  is  in  tune  with  the  true  nature 
of  ferroelectric  relaxors. 

Figure  4  illustrates  the  permittivity  of  0.9PMN-0.1FT  at  10  GHz  as  a  function 
of  temperature.  A  broad  dielectric  maximum  at  140^  is  observed.  For 
comparison.  Figure  4  also  contains  low  frequency  data  which  exhibits  less  broad 
maxima  in  the  vicinity  of  SOX^.  These  results  are  significant  and  suggestive  of 
dominance  of  thermally  activated  processes  in  these  feiroelectrics. 

Dielectric  maxima  were  not  o^rved  for  PMN-PT  compositions  containing 
higher  than  10  mole  percent  of  PT  because  these  maxima  perhaps  lie  beyond  our 
upper  temperature  limit  for  measurement,  which  is  1S0*C. 


FIGURE  3  Dietedric  prapeitic*  of  60/40  and  70/30  PMN-PT  Geramia  in  ibe  microwave  region  ai 
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FIGURE  4  Temperaniie  dependance  of  the  dielectric  permittivity  of  0.9PMN-0.1  FT  cenmic  at 
microwave  (lOGHi)  and  low  frequencies  100 Ha.  1  KHz,  10  KHz  and  100  KHz. 

The  dielectric  response  of  0.7PMN-0.3PT  as  a  function  of  temperature  is  more 
complex  and  reveab  some  interesting  features.  At  10  GHz,  a  dielectric  peak  is 
observed  around  110*C  (Rgure  S).  This  is  attributed  to  tlw  presence  of 
morphotropk  boundary  in  0.7PMN-0.3FT  system.  X-Ray  and  pyroelectric 
studies"  aim  indicate  the  existence  of  such  a  phase  boundary.  As  the  tempera¬ 
ture  goes  down  from  well  above  the  Curie  point  70/30  composition  may 
experience  the  phase  transition  from  Cubic  to  tetragonal  and  to  rhombobedral 
structures.  Low  frequency  dielectric  studies  of  this  composition  also  reflect  the 
possible  transition  from  cubic  to  tetragonal  and  tetragonal  to  rhombobedral  phase 
changes  around  ISO*  and  70*C  respectively.  In  this  respect  the  well  formed  peak 
at  110*C  in  the  mkrowave  permittivity  of  0.7PMN-0.3PT  (Figure  S)  is  unique 
and  demonstrates  the  vestality  of  the  technique. 

Plots  shown  in  Tigure  1  were  obtained  as  mentioned  earlier  by  frequency 
difference  technique.  Scatter  in  experimental  data  is  seen  which  increa^  at 
higher  temperatures.  Therefore  temperature  studies  were  conducted  with  quarter 


FIGURE  3  Dwtectric  perminivity  of  0.7FMN-0.3FT  at  microwave  (10  GHz)  and  low  freqvenciet. 
(nofe  dw  difcfcm  Male  for  mkrowave  data). 
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wave  plates  but  then  the  investigations  were  restricted  to  a  single  frequency  for 
obvious  reasons. 

A  perturbation  technique  was  recently  developed  for  the  study  of  low 
permittivity  materials.'^  Work  is  in  progress  to  develop  a  modified  perturbation 
technique  suitable  for  wide  range  of  materials  including  high  permittivity 
ferroelectrics.  This  work  will  be  reported  separately. 

The  authors  wish  to  dedicate  this  paper  to  Prof.  L.  E.  Cross  who  has  inspired 
not  only  us  but  scientists  all  over  the  world  in  their  endeavour  to  investigate 
ferroelectric  materials.  One  of  the  authors  (DCD)  wants  to  make  a  special 
mention  of  the  support  he  received  from  Prof.  Cross  while  working  at  MRL.  His 
(OCD)  contribution  to  this  paper  reflects  his  indebtedness  to  Prof.  Cross. 
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ABSTRACT 

Historically,  BaTiOvbased  dielectrics  have  been  the  material  of  choice  for  multilayer 
capaciton  (MLCs).  Receotly,  compositions  in  the  perovskite  Gunily  having  the  general 
formula  Pb^iB2^.  known  as  reli^  ferroelectrics,  have  generated  considenbie  inieresL 
Their  hi^  dielectric  constants,  broad  maxima,  low  E-field  dependency,  and  low  firing 
temperatures,  as  compared  to  conventional  BaTi03-based  dieieemes,  make  them  attractive 
itiatariau  for  ML^  However,  the  complexities  involved  in  the  fabrication  at  MLCs  makes 
it  difficult  to  accurately  compare  the  two  funilies  of  dielectrics.  In  order  to  help  in  this 
comparison,  the  results  &om  a  questionnaire  addressing  the  various  issues  of  MLC 
mannfacttiriiig  was  prepmed.  The  compiked  results  represent  the  collective  opinion  of  mote 
than  40  mannfactiiten  and  reaeardieta  throughout  the  world,  including  Japan,  Korea,  China, 
Europe,  and  the  U.S.  The  status  of  relaxors  and  how  they  "stack  up  against  the  well 
esobusM  BaTiOs  dielectrics  are  diacussed. 

INTRODUCTION 

Historically,  the  nimaty  materials  utilized  for  Gas  II  multilayer  capacitors  (MLCs)  have 
been  modk^BaTiOi  and  other  various  dtanaass.^^!  Great  strides  in  the  capacitcH' industry  in 
the  overall  reliability,*  cost  and  compactly  (F/cm^)  of  MLCs  have  been  made  s  a  result  of 
the  demands  put  on  them  by  the  continu^  miniannization  and  rapidly  growing  integrated 
circuit  technology.  The  increased  reliability  of  MLCs  has  been  the  result  of  an  enormous 
amount  of  research  on  understutding  the  various  mioostractutal-property  relationships  s 
correlated  to  the  overall  MLC  manufacturing  proces.  including  powder  procesing,  thin  sheet 
formation,  metallurgical  interactiotis,  electrical  testing  and  screening,  etc.  In  addition,  novel 
fabrication  technimies  and  automation  have  led  to  vwy  increased  yields  and  cost  reducdons. 
Further  reductioo  ULCosts  have  come  from  ways  to  eliminawi  the  necessity  for  precious  metal 
internal  electrodes.^ 

Decreases  in  electrode  coat  have  been  accomplished  by  (1)  addition  of  flnxes  to  reduce  the 
sintering  temperature,  thereby  allowing  the  use  of  less  expensive  Ag’.Pd  alloys;  (2)  um  of 
non-noto  mcials.  soch  as  Ni  and  Cu,  which  require  a  reduemg  atmosphere  during  Gring;l.'’<^l 
and  (3)  lead  injemioo,  in  which  molten  lead  is  impregnated  mto  porous  layen  to  act  as  the 
electrode,  also  known  as  the  fugitive  phase  process.^^!  Though  (2)  and  (3)  may  result  in 
substantial  metal  coat  reductions,  their  mherently  more  sophistkiiad  processes  may  result  in 
reduced  yields  and  poorer  reliability.  In  addition,  -  23  pm  is  the  minimum  layer  thickness 
achievable  in  the  fugitive  phase,  lead-injected  process  being  limited  by  the  overall 
mechanical  integrity. 


"Reliability  is  definedls  the  probability  of  which  a  capacitor  will  perform  its  specified 
function,  under  a  set  of  external  conditiotis  for  a  specified  period  of  time. 


To  increase  the  capacitance  volumetric  efficiency  (>  K/t^)  for  a  given  Electronics  Industry 
Association's  (E.I.A.)  specification,  e.g.,  YSV.  ZSU.  X7R,  etc.,  efforts  to  maximize  the 
dielectric  constant  K  and  manufacturing  processes  to  reduce  the  thickness  (t)  of  the  active 
dielectric  layer  to  significantly  less  than  2S  pm  have  been  made.  Thin  layers  of  BaTi03 -based 
materials  have  been  prepared  by  wet  stacking  methods  with  fine  powders.  However,  intrinsic 
electrical  characteristics  of  BaTi03  (a.c.  and  d.c.  electric  field  enects  on  loss  and  IQ  usually 
preclude  thin  layer  capacitors  of  th^  materials  from  meeting  present  day  E  J  jV.  standards. 

Limitations  on  achieving  high  dielectric  constant  and  thin  layers,  rimultaneoMlv.  in  BaTi03- 
based  capacitors,  has  led  resean;{im  to  focus  on  otfa^types  of  families  of  dielect^  materials. 
Perovsidte  ferroelectric  relaxms  is  one  such  family 

A  chemical  class  of  particular  interest  for  MLCs  are  the  lead  based  (PIO)  relaxors  haying  the 
genqal  frnmula  Pb(BiB2)03  where  Bi  is  typically  a  low  valence  cation,  e.g., 

Ni*^,  and  SC*"”  and  B2  a  high  valence  cation,  e.g.,  Ti*^,  Ta**, 

Characteristics  of  relaxor  fetioelecirics  that  make  them  attractive  candidates  for  MLCs  include: 
1)  anomalously  large  dielectric  constants  (K  >  20,000;  2)  broad  dielectric  maximas  or  diffuse 
phase  transition,  and  relatively  low  firing  temperatures  that  allow  the  use  of  low  cost  Ag:Pd 
electrodes.  The  dielectric  behavior  for  a  Pb(Mg]/3Nb2/3)03  ?MN1  baaed  relaxor  is  shown  in 
contrast  to  a  normal  ferroelectric  BaTt03  and  a  repr^ntative  high  K  modified  BaTi03 
composition  [Fig.  1].  Obvious  diaadwantages  of  relaxon,  however,  for  use  in  MLCs 
include  their  strong  dependence  of  dielectric  properties  on  frequmy  and  high  dielectric  loss 
below  the  Curie  range  or  Tc.  Also,  having  only  a  single  transition  does  not  allow  for  the 
possibility  of  dielectric  stability  over  a  wide  temperature  range  necessary  for  a  X7R  type 
capacitor.  Not  shown  is  the  E-field  dependency.  Relaxon  have  the  advantage  over  BaTiO^- 
based  dielectrics  in  their  E-field/capacitance  percent  change  (AC/C/E)  being  significantly 
lower. 

To  date  numerous  relaxor  compositions  being  proposed  for  capacitor  use  are  based  on  a  wide 
variety  of  solid  solutions  comprised  of  relate  and  nonnal  type  ferroelectric  perovsldte  end 
members  as  well  as  a  variety  of  modifien.  Additional  compositions  are  refereed  to  in 
references  7  and  8  (see  Table  I).  Representative  examples  and  their  associated  E.I.A. 
designation  are  presented  in  Table  EL 

Table  I.  Commonly  Employed  Perovskite  End  Members  for  Relaxor-Based 
MLCs. 


Complez 

Perovskites 

*T,CC) 

^'"Behavior 

Simple 

Perovskitea  Tc(’C) 

Behavior 

[PMN] 

-10 

Relaxor-FE 

PbTiOj 

490 

FE 

[PZN] 

140 

Relaxor-FE 

PbZtOs 

230 

AF 

[PNN] 

-120 

Relaxor-FE 

BaTOs 

130 

FE 

[PFN] 

110 

Nonnal-FE 

StTiO) 

Para 

[PFW] 

-93 

Relaxor-FE 

[PMW] 

38 

AF 

[PNW] 

17 

AF 

*Trtiuition  lemygMurw  for  raUxon  tn  wwngn  or  «  1  kHz. 
^FE-Fcno«l«e^  AF-AntifRoelecok,  Pan-Paiaclectric. 


[PMN] 

[PZN] 

(PNN 

[PFN] 


Pb^inN^jOj 

Pb(Zni/3Nb2y3)03 

Pb(Nii/3Nb2/3)03 

P*>(F^l/2Nbi/2)03 


[PFW]: 

[PMW]: 

[PNW]: 


Pb(Fe2/3Wi/3)03 

Pb(Mgi/2Wi/2)03 

Pb(Nii/2Wi/2)03 


The  term  "relaxor"  is  used  herein  to  designate  all  PbO-based  complex  perovskites  though 
many  may  not  exhibit  the  strong  dielectrK  frrauency  dispersion  characteristic  of  relaxor 
ferroelectrics.  As  such,  these  materials.  e.g..  Pb(Fei/2Nbi/2)03.  show  dielectric  and  related 
behavior  mere  similar  to  BaTi03-baaed  dielectrics. 


Table  n.  Compositional  Families  for  Relaxor-Based  MLCs 


Compositian 

EIA  Temp  Manufacturer 
Specification  (Assignee) 

Patents  and  Refs. 

PLZT-Ag 

X7R 

Sprague 

U.S.  Pat  4.027.209  (1973)  Ref.  9 

PMW-PT-ST 

X7R 

DuPtmt 

U.S.  Pat  4.048.546  (1973) 

PFN-PFW 

Y5V 

NEC 

U.S.  Pat  4.078.938  (1978) 

PFN-PFW-PZN 

Y5V 

NEC 

U.S.  Pat  4.236.928  (1980) 

PFN-PMT 

TDK 

U.S.  Pat  4.216.103  (1980) 

PMN-PT 

Y5V 

TDK 

U.S.  Pat  4.265.668  (1981) 

PMN-PFN 

Y5V 

TDK 

U.S.  Pat  4.216.102  (1980) 

PMN-PFN-PMW 

Y5V 

TOK 

U.S.  Pat  4.287.075  (1981) 

PFW-PZ 

Z5U 

TDK 

U.S.  Pat  4.235.635  (1980) 

PFW-PT-MN 

Z5U 

Ktachi 

U.S.  Pat  4308.571  (1981) 

PMN-PZN-PT 

Z5U 

Murata 

U.S.  Pat  4339.544  (1982) 

PFN-PFW-PbGe  (MSQ 

X7R 

Ref.  10 

PFN-PFM-PNN 

Z5U.Y5V 

Ferro 

U.S.  Pat  4379.319  (1983) 

PMW-PT-PNN 

Z5U 

NEC 

U.S.  Pat  4.450340  (1984)  Ref  11 

PFN-BaCa(CuW>.PFW 

Y5V 

Toshiba 

U.S.  Pat  4344.644  (1985)  Ref  12 

PMN-PZN 

Z5U 

STL 

UJC.  Pat  2,127.187A  (1984) 

PMN-PFN-PT 

Z5U 

STL 

UJL  Pat  2,126375  (1984) 

PMN-PZN-PFN 

Z5U 

Matshshita 

Japan  Pat  59-107959  (1984) 

PMN-PFW-PT 

Mttsushita 

Japan  Pat  59-203759  (1984) 

PNN-PFN-PFW 

Y5V 

Matsushita 

Japan  Pat  59-111201  (1984) 

PZN-PT-ST 

Toshibe 

Ref.  13 

PMN-PFN-PbGe 

Z5U 

Union  Carbide  U.S.  Pat  4.550.088  (1985) 

PFN-PNN 

Y5V 

Ref.  14 

PFW-PFN  (MSO 

NTT 

Refs.  15-17 

PMN-PT-PNW 

Z5U 

Matsushita 

Ref.  18 

PMW-PT-PZ 

X7R 

NEC 

Ref.  19 

PZN-PMN-PT-BT-ST 

Z5U 

Toshiba 

Japan  Pat  61-155245  (1986) 

PZN-PT-BT-ST 

X7R 

Toshiba 

Japan  Pat  61-250904  (1986) 

PZN-PMN-BT 

Y5U.  Y5S 

Toshiba 

Ref.  20 

PMN-PLZT 

Z5U 

MMC 

U.S.  Pat  4.716.134  (1987) 

PMN^,  ST.  BT 

ZSU 

Matsushita 

Japan  Pat  62-115817  (1986) 

PFW-PFN-PT 

Y3V 

Ref.  21 

BT-PMN-PZN(MSC) 

PMN-PS-PNWO 

X7R,X7S 

Toshiba 

U.S.  Pat  4.767.732  (1988) 

(Base  Metal) 

ZSU 

Matsushita 

Reft  22-23 

It  was  the  purpose  of  dns  p^wr  to  review  tbe  status  of  Iead>based  relaxon  in  the  world  of 
multilayer  capimimrs  and  bow  they  "'stack  up"  against  the  well  established  BaTiOs-based 
dislectncs.  To  aashi  in  the  evaluaiiao,  a  questionnaire  addressing  the  various  issues  associated 
with  MLC  manuihcoiting  bom  powder  processing  through  electrical  testing  and  product 
usam.  was  prepmed  and  sent  mvarioos  capacitor  manufacturers  and  universiw  researchers  in 
the  tieid  of  dielectrics.  Geographically,  respondents  incloded  the  U.S.  (23),  burope  (8),  and 
the  Far  East  (Japan  (7).  Korea  (3),  and  China  (2))  many  of  which  are  included  in  the 
acknowledgements.  Based  um  the  responses  to  our  survey  we  found  a  tendency  to  praise  the 
attributes  ot  relaxors  even  tnongb  their  companies  may  not  be  making  this  product  The 
results  reponed  are  ones  of  a  geara  concensus  nd  not  or  an  individual  nature. 


MULTILAYER  CAPACITOR  FABRICATION 

Details  of  the  processing  and  fabrication  of  multilayer  capacitors  is  reviewed  in  references  3 
and  24.  A  generalized  flow  chart  for  the  manufacturing  of  MLCs  is  presented  in  Fig.  2.  As 
shown,  the  process  was  broken  down  into  various  sectimis  as  follows:  1)  powder  processing; 
2)  muldkyer  fabrication:  3)  densiflcation/chaiacterizaiion;  4}  flnishiM;  5)  electrical  testing:  6) 
end  product  analysis;  and  7)  plications.  In  each  section.  BafiOi  dielectrics  will  be 
compared  to  relaxor  type  materials  used  in  multilayer  capacitors.  In  addition,  some  results 
were  grouped  geographically. 

Powder  Processing 

Raw  MaterialsICost 

The  overall  cost  of  dielectric  powders  is  only  >  S%  of  the  total  cost  of  an  MLC,  however,  it  is 
still  deemed  imponant  in  this  highly  competitive  industry.  First  of  all,  in  comparing  BaTiOs 
with  relaxor-ba^  dielectrics,  the  lower  density  of  BaTi03-based  materials  (-  6  g/cc),  or 
approximately  75%  of  relaxor's  density  (-  8  g/cc)  results  in  more  MLCs  per  unit  weight  of 
powder.  Secondly,  the  cost  of  powders  depends  mi  the  purity  and  process  by  which  it  is 
produced,  for  example,  conventional  oxide  processing  vs.  chemical  ^paration  techniques. 
Cost  also  varies  from  iiidividual  components  to  a  packaged  dielectric  formulaiion.  In  the  U.S. 
and  Europe,  the  average  cost  of  BaTiOs  based  miueriais  is  >  6Sdcg  using  conventional  powder 
technolo^.  Relaxor  formulations  are  typically  somewhat  more  expensive,  mainly  due  to  the 
cost  of  Nb^5.  one  of  the  primary  components.  To  date,  only  a  few  powder  manufacuuing 
houses  offer  relaxor-based  dielectrics,  with  their  costs  being  substantially  higher  (-  20  - 
30S^g).  In  China,  the  availability  of  NboOs  as  a  natural  resource  makes  relaxor  based 
capacitors  very  inexpensive  and  is  one  of  ^  driving  fmces  by  which  relaxor  based  MLCs 
have  been  in  place  for  more  than  20  years.^^^  In  contrast,  Japanese  MLC  manufacturers' 
powder  costs  are  upwards  of  10  to  40$/kg,  being  slightly  higher  for  relaxors.  The  higher 
costs  are  the  result  of  high  purity  and  chemically  prepa^  powders  which  are  typically  used. 
It  is  widely  believed  that  the  use  of  such  powders  ultimately  improves  the  overall 
reproducibility  and  yields. 

Powdtr  Handlin^/Taxieity 

PbO*containing  materials  are  usually  regarded  as  highly  toxic  and  a  major  environmental 
issue.  This  is  pt^ularly  tnie  in  Europe  md  the  U.S.  The  well>established  piezoelectric 
industry,  which  is  primarily  based  on  PZT,  has  already  dealt  with  the  concerns  of  PbO 
toxicity  and  its  environmental  issues.  Most  manufleturers  and  device  users  already  handle 
toxic  materials  that  abound  in  the  manufacturing  process,  and  as  such,  precautions  for  the  use 
of  heavy  metals  have  already  been  addressed. 

The  toxicity  of  PbO  in  relaxors,  however,  remains  a  major  concern  and  their  use  in  existing 
MLC  manufacturing  facilities  requires  substantial  capital  investment  to  meet  air  quality  and 
waste  requirements.  With  proper  precautions,  no  problems  in  the  handling  and  manufacnuing 
of  relaxor  based  MLCs  dielKtrics  have  been  found. 

CaleinaHoH/Reaetivitv 

Many  relaxor  baaed  ferroelectrics.  Pb(Mgi/3Nb2/3)0^  [PMN]  for  example,  are  difficult  to 
prepare  in  the  perovskite  fbim  without  the  appearance  of  pyrochlore  phase(s).  The  appearance 
of  pyrochlore  nas  been  found  to  be  strongly  related  to  the  reftactory  nature  of  the  B*site  cation 
oxides  [MgO  in  PMN]  in  relation  to  the  other  phases  in  the  PbO-N^Os  binary  system. 
Ceramic  processes  that  improve  the  reactivity  of  the  refractory  oxide(s)  better 

mixing/nulling  and  dispersability,  enhance  the  formation  of  the  perovskite  phase.^ 

BaTiOvbased  materials  generally  require  higher  calcination  temperatures  (>  1100*C) 
although  calcining  temperatures  equivalent  ta  that  of  relaxors  (~  700-900*C)  can  be 
achieved  for  chemically  and  conventionally  (with  additives)  prepared  BaTi03  dielectrics. 
However,  PbO  stoichiometric  problems  as  a  re^t  of  volatility  and  reaction  with  saggers  is  of 
great  importance  for  relaxon.  In  some  cases,  to  help  muiimize  PbO  loss,  more  costly 


specialized  saggers.  e.g.,  MgO  are  used.  In  addition,  to  help  eliminate  the  p^ibility  of 
second  phases  such  as  pyrochloie.  the  well  known  columbiie  precursor  method^^ ')  is  often 
used,  reailting  in  an  over^  increase  in  reprodiKibility  but  with  some  additional  costs. 

To  obtain  the  desired  particle  size/disoibution  for  multilayer  fabrication,  wet  milling  of  the 
calcined  powders  requires  kMwledge  of  the  powder  characteristics.  The  inherently  softer 
relaxw  based  powers  mill  to  a  nven  particle  size  more  efficiendy  than  the  high  temperature 
calcined  BaTi03  powders.  In  fact,  it  has  been  reported  that  submicron  Pb*ba^^rovslcite 
powders  can  be  pmuced  using  only  conventional  raw  materials  without  milling.(^)  This  is 
an  important  consequence  if  one  widies  to  obtain  submicron  powders  necessary  for  ultra-thin 
MLCs. 

Multilayer  Pabricatioo 

Thin  Shttf  Farmadan  and  Binder  Burnout 

In  the  fabrication  of  MLCs.  several  techniques^  fabricate  thin  sheets  are  used,  including  tape 
casting  and  various  wet  lay  down  processes.(^^)  The  latter  is  more  suited  for  the  ultra-thin 
layers  down  to  -  10  d-  Whichever  technique  is  used,  different  intrinsic  problems  for  each 
dielectric  chemistry  exist,  with  no  significant  advantages  or  disadvantages  found  for  either 
system. 

Subsequent  to  thin  sheet  formation  virtually  no  differences  in  terms  of  laminadon  and  dicing 
or  binder  burnout  between  the  two  dielectric  systems  are  found. 

Densiricatioo/Characterization 

SinurinalAtmostthere  Control 

The  firing  conditions  for  various  BaTi03  and  relaxor-based  systems  are  outlined  in  Table  III. 
As  presented  BaTiOs  dielectrics  can  be  subdivided  into  three  groups:  (1)  high  fire  (HF) 
>  1250‘C;  (2)  medium  fire  (MF)  -  ll(X)-I250*C:  and  (3)  low  fire  (LF)  <  llOO’C,  with 
relaxofs  subdivided  into  two  groups  (1)  HF  >  lOOO’C  and  (2)  LF  <  lOOO’C.  Naturally,  these 

Table  m.  Firing  conditions  for  variont  types  of  BaTiOs  and  relaxor-based 
MLCs. 


Dielectric 

Firing  Condition 

Electrode 

HF-BT 

>1250*C 

(air) 

(reducing) 

W  (100%) 

Ni* 

MF-BT 

1100-1250*C 

(air) 

(reducing) 

Ag:Pd  (70/30  to  30/70) 

Cu,  Ni 

LF-BT 
(R&O  only) 

<1100*C 

(air) 

Ag:Pd  (7(y30) 

HF-Relaxa 

>1000*C 

(air) 

(reducing) 

Ag:Pd  (70/30) 

Cu. 

LF-Relaxor 

<1000*C 

(air) 

(reducing) 

Ag:Pd  (85/15).  Ag  (100%) 
Cu, 

•The  partial  pressure  p02  at  which  Ni  — >  NiO  occurs  is  such  that  PbO  — >  Pbmetal  results, 
hence  Ni-based  electrodes  are  ttaetinodyiianiically  not  feasible  for  relaxors. 


latter  systems  using  base  metal  electrodes  must  be  fired  in  reducing  well-controlled 
atmt^heres,  using  sophisticaied  and  cosdy  furnaces.  In  general,  HF  BaTi03  capacitors  can 
readily  be  Rnd  in  air  whereas  systems  flux^  with  Bi  or  Pb  require  atmo^here  control  usually 
accomplished  with  seasoned  ZrOz-based  firing  sands.  Firing  sands  of  similar  composition  to 
that  being  sintered  work  well  for  controlling  the  PbO  atmosphere  of  relaxors,  but  are  not 
practical  in  production. 

Though  certain  relaxor-based  formulas  can  be  sintered  at  temperatures  less  than  -  900'C  in 
open  air,  overall  most  relaxors  require  some  kind  of  PbO  atmosphere  control.  The  PbO 
stoichiometry,  whether  deficient  or  excess  is  probably  one  of  the  most  important  factors  in 
relation  to  the  ultimate  physical  and  electrical  characteristics  of  relaxors.  The  control  of  the 
PbO  atmosphere  is  one  of  the  biggest  concerns  of  manufacturers.  To  compensate  for  PbO 
volatility,  excessive  amounts  of  are  sometimes  added  which  aids  in  sintering  and  allows 
the  samples  to  be  fired  in  open  air.  However,  poor  overall  uniformity  in  the  distribution  of 
PbO  throughout  the  samples,  along  with  problems  of  PbO  deposits  in  the  Idlns  and 
environment,  typically  occurs.  As  in  the  calcination  step,  the  use  of  modem  furnaces, 
specialized  setters  and  saggers  (MgO)  allow  better  control  of  PbO  atmosphere  and  ultimately 
p^uct  reproducibility. 

Mierostrueture 

The  importance  of  microstructural  features  on  the  ultimate  properties  of  BaTi03 -based 
materials  has  long  been  an  issue.  Problems  such  as  exaggerated  gnw  growth  as  found  for 
Ba:Ti  ratios  <  I,  have  been  solved.  Grain  size  variations  do  exist,  but  generally  in  a 
controlled  manner  to  help  meet  specific  capacitor  designations.  Typically,  high  K  (K  > 
10,000)  YSV  capacitors  have  grain  sizes  in  the  range  of  -  S-10  p.,  me^um  K  (6,0^-10,000) 
ZSIJs  having  grain  sizes  -  S  p  and  low  K  (2000-4000)  X7R  bodies  with  grain  sizes  in  the 
range  of  1-3  p.  Naturally,  control  of  the  grain  size  and  distribution  of  such  will  be  of 
utmost  imporunce  in  the  manufacturing  of  MLCs  with  £  10  p  layers. 

As  in  BaTi03-based  materials,  the  microstructure  of  relaxor  dielectrics  is  strongly  related  to 
the  compqsitional  stoichiometry  and.  in  particular,  to  the  PbO  stoichiomet^.  &mposiuons 
deficient  in  PbO  tend  not  to  fully  densit^y  and  form  pyrochlore.  Compositions  with  excess 
PbO  often  result  in  a  wide  range  of  grain  siz»iUZQ  P)  with  varying  amounts  of  free  PbO  in 
the  grain  boundaries  and  triple  points.v^Y-iz)  gyct,  variations  in  microspucture 
cotrespondingly  result  in  variations  in  the  dielectric  properties.  If  care  is  taken  throughout  the 
proce^ng  of  relaxon,  howler,  resulting  microstrtutures  can  be  quite  uniform  with  gr^ 
sizes  in  the  range  of  1-2  Further  additives  such  as  La,  have  been  shown  to  inhibit 

grain  growth  in  PMb^ased  relaxors  to  less  than  1  p,  while  maintaining  a  high  dielectric 
constant  K  >  10,(XX}.(^1  The  fact  that  fine  grain  (^  1  p)  relaxor  dielecmcs  can  maintain  very 
high  dielectric  constants  is  a  distinct  advantage  to  that  of  BaTi03 -based  ceramics  and  of 
considerable  consequence  for  ultia-ihin  MLCs. 

Mechanical  Strength* 

Probably  the  one  most  critical  factor  concerning  the  development  and  implementation  of 
relaxor  based  MLCs  is  the  fact  that  they  are,  in  general,  approximately  30-80%  weaker  than 
their  BaTi03  (BT)  counterpvts.  The  mechanical  strengths  of  various  BaTi03  and  relaxor  type 
dielectrics  can  be  generally  tanked  as  follows: 

HF-BT  (X7R)  >  MF-BT  (X7R)  >  HF-BT  (Z5U)  >  MF-BT  (Z5U)  -  HF  Relaxor 

(Y3U  or  Z5U)  >  LF  Relaxor  (Y5  V  or  Z5U) 

As  evidenced  by  intergranular  fracture  the  poor  mechanical  strength  of  relaxors  is  believed  to 
be  aisociated  with  the  relatively  weak  amorphous  grain  boundary  phase  found  in  these 


*Mechanical  strength  comoarisons  are  based  on  3-poim  bending  fracture  tests.  Reported 
values  are  in  the  range  of  30-70  MPa.  A  more  relevant  means  of  comparuon  is  made  throu^ 
the  toughness  of  materials,  being  proportional  to  the  strength  for  a  given  flaw  size.  The 
toughness  of  PMN-based  materials  are,  jppQOeil^  in  range  of  -  0.6-1.0  MPa  m^^  as 
compared  to  BaTiOs  (-  0.8-1  j  MPa  mi^).(j5,36T 


materials.  Recent  work  in  Japan  has  suggested  that  the  mechanical  strength  can  be  markedly 
improved  by  the  substitution  of  the  Pb'^^cation  with  Ba,  Sr,  Ca.  or  La. 

It  is  important  to  remember  that  the  mechanical  strength  of  an  MLC  is  not  only  related  to  the 
dielectric  itself  but  to  the  integnty  of  the  entire  strucuire  including  the  bonding  strength 
between  the  metal  electrode  and  dielectric,  tendency  f(x  delaminations,  MLC  design  and  defects 
induced  during  other  processing  steps  such  as  electrode  termination  and  final  finishing.  Ac 
present,  though  mechanically  inferior  to  BaTi03,  the  strength  of  relaxor  based  MLCs  is 
adequate  for  many  applications.  However,  their  weaker  mechanical  integrity  makes  it  difficult 
to  successfully  use  them  in  surface  mount  technology  (SMT)  with  cunent  generation 
assembly  machines. 

Electrode  Interactions 

As  stated,  electrode  problems  associated  with  BaTiOs-based  MLCs,  e.g.,  Pd  -•>  PdO,  Pd-Bi 
reactions,  have  been  addressed.  In  high  AgrPd  (70:30)  electrodes  used  in  ail  systems,  the 
problem  of  Ag  migration  and  Ag  volatility,  is  a  concern.  In  relaxor-based  ML(^s.  some  of 
which  use  pure  Ag  electrodes  the  problem  of  Ag  migration  (or  dissolution),  volatility  and 
possible  reactivity  with  Pb  needs  to  m  investigated. 

Finishing 

Electrode  Termination  and  Packaging 

Prior  to  electrode  termination,  MLCs  are  comer  rounded  to  help  insure  good  electrical  contact 
and  for  cosmetic  reasons  as  well.  Comer  rounding  of  BaTiOs  based  MLCs  usually  requires 
somewhat  longer  times  than  for  relaxois  due  to  barium  titanate's  inherently  higher  mechwical 
strengths. 

The  termination  electrode  inks  developed  for  BaTi03  MLCs  are  usually  incompatible  with 
relaxor-based  materials.  Their  high  firing  temperatures  (>  800*C)  tend  to  result  in  undesirable 
chemical  reactions  between  Pb  and  the  glass  frits  used  in  the  inks.  Termination  electrodes 
compatible  with  Pb-based  materials  are  required  and  work  in  this  area  is  presently  underway. 
Problems  associated  with  lead  attachments  in  relaxor  based  MLCs  may  also  be  related  to 
termination  electrode  incompatibility  and  the  poor  mechanical  strength  of  these  materials.  For 
the  most  part,  plating  techniques  for  electrode  termination  can  be  made  to  work  ad^uately  for 
both  types  of  dielectrics,  although  PbObased  systems  require  more  stringent  requirements  as 
was  found  in  the  PZT  industry. 

Electrical  Testing 

The  MLC  is  a  major  cause  of  circuit  failures  in  modem  electronic  systems  and  devices.  Thus, 
the  testing  of  MUTs  is  one  of  the  most  important  parts  of  the  manufacturing  process. 

CaoaeitaneelLoss 

Determination  of  the  room  tempervure  ogntcitance  value  and  loss  at  1  KHz  is  performed 
automatically  on  every  MLC  nuuuifactured:  a  few  manufacturers  1(X)%  test  for  insulation 
resistance  (R).  The  temperature  coefficient  of  capacitance  (TCC)  and  appropriate  EIA 
desiniation  (Z5U,  X7R,  etc.)  is  done  on  a  sampling  basis.  To  compare  and  contrast  relaxor 
and  BaTi03  dielectrics  in  lenns  of  capacitance,  one  actually  needs  to  compare  their  capKitance 
volumetric  efficiency.  For  simplicity,  the  dielectric  constants  available  in  these  materials  will 
be  used  for  comparisoa  assunung  similar  active  layer  thicknesses  can  be  achieved.  Further, 
comparison  of  the  two  dielecnics  will  be  based  on  specific  EIA  designations  as  given  in  Table 
IV.  Except  for  X7Rs,  relaxor-based  dielectrics  have  higher  dielectric  constants  for  a  given 
TCC  designation.  for  YSO  systems  is  shown  in  Fig.  3.  To  tneet  X7R  specifications 
for  a  dielectric  having  oni^  single,  yet  broad,  dielectric  transition  is  expectedly  difficult  and 
as  such,  relatively  few  X^  relaxor-based  compositions  have  been  developed.  Examples 
given  in  Table  II  are  generally  based  on  andfeiroeiectrics,  e.g.,  PL2T  and  Pb(Mgi/2Wi/2)C>3 
IRMWl.  In  addition,  relaxor  dielectrics  comprised  of  incompletely  reacted  phases  or  mixed 
sintered  ceramics  (MSQ  have  been  develop^  Such  procesxs  are  somewhat  related  to  the 


chemically  inhomogeneous  "grain  core  shell  structures”  ^sociated  with  many  BaTi03 
dieleancs  developed  to  meet  X7R  temperanne  requiranents/^^ 

The  dielectric  loss  (dissipation  futor)  of  relaxors  below  Tc  are  found  to  be  generally  higher 
than  that  in  normal  ferroelectrics  (see  Fig.  1).  However,  most  relaxor-based  dielectrics  are 
compositkmally  adjusted  such  that  the  is  well  below  room  temperature,  hence  resulting  in 
very  low  room  temperature  loss  values.  For  example,  loss  values  <  0.3%  fw  high  K  -YSV 
materials  can  be  achieved.  This  is  of  considerable  consequence  for  dielectric  layers  less  than 
10  |i.  At  this  thickness  and  at  the  measurement  standard  of  1  Vrms  @  1  KHz,  the  loss  of 
BaTi03-based  MLCs  may  become  unacceptably  high. 

Affing 

The  degree  of  aging  in  relaxors  varies  depending  on  composition  and  associated  Tc.  As  with 
dielectric  loss,  room  temperature  ^ng  can  be  reduced  by  shifting  the  downward  so  as  to  be 
mme  in  the  paraelectric  region.  Typical  aging  rates  for  various  BaTi03  and  relaxor-based 
dielectrics  are  reported  in  Table  IV.  As  pre^t^  the  determined  aging  rates  are  quite  similar, 
however,  dielectric  aging  in  relaxors  is  strongly  dependent  on  the  composition  and 
stoichiometg,  particularly  with  excess  PbO,  acceptor  dopants  and  the  overall  defect 
structure.l^^  In  other  words  the  aging  rate  is  very  process  dependent,  and  aging  rates  > 
10%/dec  have  been  observed. 

Table  IV.  Electrical  Characteristics  of  BaTIOj  and  Rclaxor-Based  Dielectrics 
for  Multilayer  Capacitors 


•EIA 

Designation 

Material 

K 

(23*C.  1  Vnns 
<9  IkHz) 

Loss 

RC  @  12S*C 
(OF) 

BDV 

v/u 

Aging 

(%/Decade) 

Y3V 

BaTiO} 

8.000-13.000 

<4% 

-  1,000 

-  20-30 

<3 

Relaxor 

>  20,000 

0.3-2% 

-  3.000 

-  13-30 

1-3 

Z5U 

BaTA 

3,000-10,000 

<3% 

-  1,000 

-  25-33 

2.0-3.0 

Y3U 

Relaxor 

10,000-20.000 

0.3-2% 

-  3,000 

-  20-33 

0.3-2.0 

X7R 

BaTA 

2,000-3,300 

<1.3% 

-  30-40 

0.3-2.3 

Relaxor 

2.000-4,000 

<1.3% 

~ 

-  23-33 

1-3 

Y3QR.  S.T 

Relaxor 

3,000-7,000 

*EIA  Charscteristics: 


Temperanire:  Low;  Z.  Y,  X  (>10.  -30,  -33*C) 

High:  3,  7.  (+83.  123*C) 

Max.  Cep.  %:  R,  S.  T.  U.  V.  {±13%.  ±22%.  (+2Z  -33%X  (+22.  -36%). 

Change  (+22,  -82%) 

The  aging  behavior  of  relaxors  is  also  of  pvticuiar  concern.  In  relaxors,  the  anticiiau^lpg- 
linear  relationship,  observed  for  normal  BaTiOr  type  ferroelectrics  may  not  hold.^^^*^^!  It 
has  been  reponea  that  in  the  early  stages,  aging  can  occur  at  an  anomalously  fast  rate 
(-  10%/dec)  before  leveling  out  to  -  3%/dec  after  the  inuial  1000  minutes  to  what  appears  to 
be  a  linear  region.  Since  most  capacitor  manufacturers,  determine  aging  rates  between  10  to 
1000  hrs,  mu»  of  the  vital  aging  information  in  relaxon  could  be  overtooked.  Examples  of 
this  can  be  found  in  relaxor  compositions  reported  to  have  their  TCCs  improved  by  the 
addition  of  various  dopants,  e.g.,  hui02.  which  give  rise  to  a  larn  depression  or  saddle  in  the 
capacitance  temperature  behavior  due  to  competing  aging  and  TCC  effects. 

L-EMi.  Dwadtna 

For  a  oven  K,  relaxors  have  ^gtyfiOlPUy  E-Held  (ax.  or  d.c.)  dependency  as  compared 
to  BafiOvbased  dielectrics,f^**2*^^*^^*^*/  as  shown  in  Fig.  4.  This  lower  sensitivity  w  E- 
field  in  reiaxor  ferroelectrics  is  related  to  the  level  of  bias  required  to  overcome  the  energy  (kT) 


of  thennally  nuctuatins  microdomains  which  contribute  to  the  dielectric  polarizability.(^) 
Nanually,  improved  E-&ld  dependency  is  desirable  for  MLCs  comprised  of  ultra-thin  layers. 

Breakdown  Strength  (BPS) 

In  general,  the  breakdown  strength  of  polycrystalline  dielectrics  is  approximately  inversely 
proportional  to  the  level  of  K.  As  expected,  and  reported  in  Table  IV,  the  (BDS)  of  relaxors  is 
somewhat  lower  than  that  for  BaTi03 -based  capacitors,  however,  the  values  are  within 
acceptable  limits.  It  is  important  to  remember  that  the  BDS  is  strongly  related  to  various 
defects,  and  overall  uniformity  of  the  MLC. 

Insulation  Resistance  (RC  arodueti 

The  broad  spectrum  of  compositional  types  of  dielectrics  for  both  relaxor  and  BaTi03  MLCs 
makes  it  difficult  to  contrast  their  respective  RC  products.  For  the  most  part,  RC  products  for 
relaxors  are  greater  than  that  for  BaTi03  dielectrics,  and  less  sensitive  to  temperature  as  shown 
in  Fig.  S.  ffowever,  relaxor-based  dielectrics  comprised  of  cations  with  multiple  valence 
states  such  as  in  Pb(^l/2Nbi/2)03  and  Pb(Fb^w  1/3)03  tend  to  have  lower  values.  As 
with  many  of  the  dielectric  prop^es,  values  ofRC  are  also  related  to  processing.  e.g..  low 
values  are  observed  when  excessive  amounts  of  PbO  are  present 

nefradation/Life  Testing 

OveraU,  it  is  difficult  to  state  whether  relaxors  show  less  degradation  than  BaTi03  dielectrics, 
since  the  reliability  of  an  MLC  may  depend  on  many  variables  including  impurities,  porosi^, 
internal  electrode  nuueriaL  MLC  design,  structural  defects,  etc.  Poor  degradation  and/or  life 
test  failures  tends  to  correlate  well  in  relaxor  based  MLCs  that  exhibit  low  RC  values,  as 
stated  above.  However,  relaxor  MLCs  that  exhibit  satisfactory  degradation  and  life  testing  in 
dry  atmosphere  may  not  in  wet/humid  conditions.  This  behavior  is  believed  m  be  the  result 
of  electrolytic  Ag  migrai^n  along  microcracks,  a  problem  related  to  relaxors  inherent 
mechanical  weaknesses,  Fbr  the  most  part,  research  in  the  basic  origin  and  understanding 
of  degradation  in  relaxors  has  yetto  beperiottn^ 

End  Product 

Yields 

The  overall  yield  fra'  any  MLC  is  related  to  many  variables,  including  the  technical  level, 
experience,  and  process  controls  in  manufacturing.  As  such,  BaTi03-based  dielectrics  have  a 
distinct  advanta^.  Present  yields  for  BaTi03  MLCs  are  in  the  range  of  80  to  9S%  whereas 
relaxras  are  £  80%. 

Casts 

As  with  yields,  there  are  many  factors  that  affect  the  overall  cost  of  an  MLC.  One  of  the 
biggest  driving  forces  to  use  relaxar  bued  maurials  are  their  large  K,  low  firing  temperatures 
and  compatibility  with  less  expensive  Ag:Pd  electrodes.  Based  on  the  same  manutacuiring, 
our  respondents  stated  that  the  ovwall  cost  of  a  relaxor  capacitor  is  somewhere  between  20  to 
50%  lower  than  that  of  high  firing  BaTi03.  of  similar  cqiiacitance.  BaTi03  MLCs  with  base 
metal  electrodes,  however,  are  reported  to  be  less  expensive  than  relaxor  MLCs.  The 
possibility  that  l»M  metals  may  be  used  with  relaxors  also  exists,  as  stated  earlier. 

Figure  of  Merit 

In  order  to  boter  accurately  contrast  MLC^  a  Tiguie  or  merit,”  which  relates  the  amount  of 
coulombs/cm^  and/or  couloimbi/S  for  capacitors  is  needed. 

A  qualitative  figure  of  merit  which  encompasses  many  of  the  impori^t  parameters  of  an 
MLC  and  associated  fabtscatioo  processes  was  formulated  by  Yainashital°l  given  as: 


K  X  BPS  X  RC  <§>  125*C 

Hgure  of  Nfent  ■  ^  q  ^  ^  Sintering  Temperature 

From  this  expression,  the  desirable  qualities  of  an  MLC  are  clearly  expressed.  MLCs  with 
high  K.  BPS  and  RC  produa  at  125*C  infer  high  capacitance  volumetric  efficiency,  low  loss 
and  less  susceptibilty  to  degradation.  In  addition,  it  hu^n  reported  that  there  is  a  good 
correlation  between  BPS  and  mechanical  strength. A  low  TCC  not  only  implies 
temperature  stability  of  capacitance,  but  connotes  stability  against  E-field  and  frequency. 
Possessing  a  small  grain  size  (C.S.)  implies  good  mechanic^  strength  and  uniformity  as  well 
as  the  possibility  of  utilization  in  ultra-thin  layers.  A  low  sintering  temperature  obviously 
implies  overall  lower  costs.  This  figure  of  merit  was  a  first  attempt  and  can  be  further 
improved  based  on  the  specific  needs  and  requirements  of  various  device  applications,  whereby 
certain  parameters  in  the  expression  may  be  weighted  in  terms  of  their  importance. 

Based  on  this  expression  and  the  results  presented  thus  far,  relaxor  based  MLCs  (YSV  and 
possess  the  higher  figure  of  merit  with  normalized  values*  in  the  range  of  200-1000 
being  nearly  an  otdtx  of  magnitude  more  than  BallOs  counterparts.  This  result  is  contrary  to 
the  fact  that  only  a  few  companies  now  manufacture  rdaxor  based  MLCs  and  may  suggest  that 
a  different  figure  of  merit  is  used  in  the  market  place. 

Applications 

SiilitaalCQnmtrQial 

Applications  for  MLCs  are  usually  classed  into  two  groups  1)  military  and  2)  commercial, 
with  the  former  having  much  more  stringent  voltage  ratings,  tempmuire  stability,  and 
reliability  requirements.  MLCs  most  commonly  used  in  military  applications  are  the  highly 
reliable  BaTi03-based  XTRs,  a  class  present-day  relaxots  have  yet  to  invade.  Commercially, 
most  capacitors  are  used  in  computer  and  telecommunications  type  applications,  where  cost 
and  capacitance  volume  efficiency  are  the  most  importaiit  issues  and  as  such  relaxor-based 
MLCs  may  have  an  advanuge.  although  p^lems  soil  exist  for  use  in  SMT.  In  addition,  for 
unconventional  applications,  such  as  in  multicomponent  packaging,  the  low  firing 
temperature,  and  chemical  compatibiiity  of  relaxots  with  existing  substrate  iptei^  allows 
them  to  be  co-fired  and  thus  incorporated  into  these  hybrid  structures.(^^‘^°)  Relaxor 
ferroelectric  materials  are  also  being  Widely  investigated  and  used  for  a  variety  of  piezoelectric 
sensors  and  electrostrictive  acaiaiois.(^^ 

Ooerational  Paramtun 

Important  operational  parameters  for  MLCs  are  their  voltage  capabilities  and  frequency  of 
operation.  Below  1  MHz,  both  BaTi03  and  relaxor-based  ^Cs  show  similar  performance 
and  for  dielectrics  with  Ks  above  2(XX},  they  both  have  problems  in  high  loss  at  higher 
frequencies.  Frequency  limitations  are  not  an  issue  in  applications  such  as  bypass  and  bulk 
decoupling.  The  voluge  capability  of  an  MLC  is  strongly  related  to  the  K,  loss  and  BDS  of 
the  materiaL  As  such  the  voltage  rating  for  relaxor  MI^  is  generally  somewhat  lower  than 
BaTi03-based  MLCs. 

Based  on  overall  performance,  relaxon  mm  never  replace  the  high  teliaUe,  Bari03-based  X7R 
MLCs.  Applications  utilizing  the  low  fire  X7R  bodies,  may  be  replaced  by  relaxor  Y7S 
bodies  (K  -  3000-6S00)  which  have  considerable  advantages  in  terms  of  cost  and  capacitance 
volume  efTidency.  The  main  target  of  relaxon  in  today's  market  are  the  low  cost,  Z5U  and 
YSV  type  markets.  In  Japan,  it  is  believed  that  much  of  this  market  will  be  substituted  by 
relaxon  within  the  next  10  yean  although  this  time  frame  will  probably  be  longer  in  the  U.S. 
andEurope. 


*The  figure  of  merit  expression  was  normalized  in  terms  of  K/1000,  BDS  (v/pm),  RC  @ 
125*C  (1000/fiF),  TCC  (max  %  ACrQ.  G.S.  (pm),  and  sintering  temperanire  (T/KXX)). 


SUMMARY 


Hie  complexities  involved  in  the  fabrication  of  MLCs  makes  it  difficult  to  accurately  compare 
families  of  dielectrics.  Given  this,  to  the  best  of  our  knowledge,  the  comparison  between 
relaxor  and  BaTi03-based  dielectric  materials,  as  reported  by  our  respondents  can  be 
summarized  as  follov^ 

1)  In  general,  relaxors  exhibit  a  higher  K,  lower  loss.  less  E-field  dependency  and  higher 
RC  @  125'C  as  compared  to  their  BaTK>3<based  counterparts. 

2)  In  terms  of  manufacturing,  the  cost  of  the  raw  materials  used  for  relaxors  is 
somewhat  more  than  that  for  BaTiOs  dielectrics,  but  low  cost  electrodes,  can  result 
in  overall  reduced  costs.  BaTi03-based  MLCs  which  utilize  low  cost  base  metal 
electrodes,  however,  are  reported  to  be  less  costly  to  manufacture. 

3)  The  many  disadvantages  associated  with  the  manufacturing  of  relaxor  MLCs, 
including  PbO  toxicity/handling,  atmosphere  control,  reactivity  (pyrochlore 
formation),  electrode  interaction,  etc.,  are  historical  in  nature,  and  may  be  overcome 
with  time,  many  have  already  been  addressed. 

4)  Probably  the  biggest  disadvant^  of  reIaxor*based  dielectrics  are  their  mechanical 
strengUi  and  toughness  being  >  SO  to  80%  of  that  for  BaTi03,  which  may  limit  their 
usage  in  and  military  applications. 

5)  Certain  capacitor  type  designations,  e.g.,  XTR,  are  difficult  to  achieve  with  relaxor 
formulations,  thus,  requiring  manu^tureis  to  process  contrasting  materials.  Also, 
the  most  adequate  TCC  designations  for  relaxors  are  Y7  O  and  Y5  O  (O  * 
RSTUV),  whereas  the  two  most  commmily  accepted  today  are  XTR  and  ZSU. 

6)  In  the  uldmate  frimcation  of  MLCs  with  dielectric  layers  <  10  p,  relaxon  look  most 
promising.  Their  relative  ease  of  powder  reduction  to  submicron  size  without 
utilizing  nonconventional  powder  processing,  small  G.S.,  high  K.  low  Enfield 
depend^y  of  K  and  loss,  make  them  very  atoactive.  In  fact,  reiaxor-based  MLCs 
with  an  active  dielectric  thickness  of  only  6  p  with  twice  the  volume  efficiency  of 
tantalum  electrolytic  capacitois  has  been  reportetL^^l 

7)  Ulumately,  the  lowest  cost  for  a  reliable  component  will  be  the  figure  of  merit  that 
decides  whether  relaxors  will  be  subsduted  for  BaTi03  in  any  application. 
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